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Abstract 
 
This thesis aimed to investigate the role of pathogen-mediated selection in shaping patterns of 
genetic variation in Berthelot’s pipit Anthus berthelotii, a passerine endemic to the 
Macaronesian archipelagos of the Canary Islands, Madeira, and Selvagens. I used restriction-site 
associated DNA sequencing (RAD-seq) to investigate patterns of neutral diversity among 
Berthelot’s pipit populations, and in its sister species, the tawny pipit Anthus campestris, finding 
a loss of genome-wide diversity associated with colonisation history and genetic bottlenecks. I 
performed genome-wide association studies (GWAS) to identify genomic regions associated 
with malaria infection and bill length. I detected signatures of divergent selection around 
potential candidate genes related to immunity and metabolism, suggesting that these traits play 
roles in divergence and adaptation in this species. I then characterised genetic variation in 
Berthelot’s and tawny pipits at avian β-defensins (AvBDs), a key gene family of the innate 
immune system. Allelic richness decreased with increasing numbers of bottlenecks. However, 
some AvBDs showed elevated nucleotide diversity compared with genome-wide trends. We 
found no evidence of local adaptation or balancing selection in Berthelot’s pipits, suggesting 
that AvBD variation in this species is predominantly driven by genetic drift. Finally, I investigated 
whether malaria was driving fine-scale patterns of variation at SNPs identified in the earlier 
GWAS, and at the toll-like receptor 4 (TLR4) locus, a pathogen recognition receptor of the innate 
immune system, in two island populations. Both islands showed potential associations between 
malaria infection and TLR4 variation. In contrast, there was no association between a GWAS SNP 
and malaria risk in Tenerife, whereas in Porto Santo, the opposite trend to the original GWAS 
was found, potentially indicating local adaptation and population divergence. Overall, the 
evidence suggests that although functional variation in Berthelot’s pipits is strongly influenced 
by demographic history, adaptation to pathogens may be occurring within and between 
populations. 
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1.1. Evolutionary drivers of genetic variation 
Evolution can be defined as a change in allele frequencies in a population over generations. As 
such, the evolutionary dynamics of wild populations are influenced by forces that change allele 
frequencies: mutation, gene flow, genetic drift, and selection. The combination of these forces 
has the ability to increase or decrease variation within a population, and to shape patterns of 
between-population divergence or cohesion (Hartl & Clark 2007). Mutation is the fundamental 
mechanism for generating genetic novelty, giving rise to changes in the nucleotide sequence. 
However, the fate of the genetic variation produced through mutation is dependent upon the 
strength and direction of other evolutionary forces. In any finite population the frequency of 
alleles will fluctuate between generations due to the effects of random genetic drift (Hartl & 
Clark 2007). The alleles in the gametes passed from parents to offspring represent only a 
subsample of all the available alleles in the parental generation, resulting in stochastic changes 
in allele frequency. Genetic drift can increase an allele to fixation or cause it to be lost from the 
gene pool, but large populations are less prone to dramatic shifts in allele frequencies through 
drift than smaller populations (Wright 1931). As drift is a random process, the trajectory of allele 
frequency changes is likely to differ between populations, causing increasing divergence over 
time. Conversely, gene flow, the movement of genes between populations, has the power to 
decrease the degree of genetic variation found between populations, by homogenising the gene 
pools across populations. In addition, gene flow can increase within-population genetic variation 
by re-establishing alleles previously lost to drift or selection, or introducing new alleles that have 
arisen elsewhere via mutation (Slatkin 1987). Finally, natural selection is a key driver of genetic 
variation. In any given environment, there will be differential success in survival and 
reproduction between individuals, partially due to genetic differences. Organisms with 
genotypes that are well-adapted to the environment will produce relatively more offspring, 
causing beneficial alleles to spread throughout the population over time (Hartl & Clark 2007). 
The effect that natural selection has upon patterns of genetic variation depends on the type of 
selection. Directional selection can be either positive or purifying, acting to increase the 
frequency of an advantageous allele, or remove a maladapted allele, respectively. Alternatively, 
genes can be under balancing selection, a general term for any mechanism or combination of 
mechanisms by which multiple alleles at a locus are maintained at intermediate frequencies 
within a population. 
Individuals within populations are exposed to many different selective pressures within their 
environment, such as stressful climatic conditions, intra- and inter-specific competition for 
resources, predation, and pathogens (here defined as infectious diseases and parasites). 
Pathogens pose a major challenge to wild populations, often imposing significant fitness costs 
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on their hosts through reduced reproductive output and increased mortality risk (Acevedo-
Whitehouse & Cunningham 2006). This creates an evolutionary arms race between host and 
pathogen, where selection upon host mutations that confer resistance drives selection in the 
pathogen for alternative means to infect the host, and vice versa (Dawkins & Krebs 1979). 
Elevated levels of genetic diversity have been observed at loci involved in pathogen recognition 
within many different host populations of plants (Tian et al. 2002), invertebrates (Bérénos et al. 
2011), and vertebrates (Piertney & Oliver 2006; Ferrer-Admetlla et al. 2008; Fumagalli et al. 
2009), suggesting that balancing selection may be an important force in host-pathogen 
coevolution, maintaining a diverse pool of alleles capable of detecting and responding to a 
variety of pathogens. 
 
1.2. Defining neutral variation and demography 
The patterns of genetic variation found at functional loci such as the genes of the immune 
system may be influenced by all of the evolutionary forces outlined above. To determine the 
degree of within- and between-population variation that is due to natural selection within any 
organism, a baseline measurement of neutral variation is first required (Kohn et al. 2006). 
Patterns of immune gene variation that mirror neutral variation indicate that stochastic and/or 
demographic processes are the main determinant of functional diversity within the organism 
(eg. Miller et al. 2010; Marsden et al. 2012), whereas divergence from the pattern of neutral 
variation is suggestive of selection upon these specific genes (eg. Westerdahl et al. 2004; 
Cammen et al. 2011). Genetic markers such as microsatellite and mitochondrial DNA (mtDNA) 
have often been used to quantify historical and contemporary patterns of colonisation, genetic 
drift, and gene flow in plants (Reusch et al. 2000; Coyer et al. 2003; Olsen et al. 2004), 
invertebrates (Shaw et al. 1999; Duran et al. 2004; Figuerola et al. 2005), and vertebrates 
(Zhivotovsky et al. 2003; Martínez et al. 2006; Pinho et al. 2007). However, these aproaches 
have their limitations. Compared with nuclear DNA, mtDNA is (for the most part; see White et 
al. 2008) inherited uniparentally, and undergoes recombination at a lower rate (Piganeau et al. 
2004; Tsaousis et al. 2005). The mutation rate of mtDNA is much higher (Brown et al. 1979), due 
to damage from reactive oxygen species and limited DNA repair (Bogenhagen 1999). Population 
history determined through mtDNA can result in limited or misleading interpretations (Palumbi 
& Baker 1994; Alves et al. 2006; Vallo et al. 2013). Elevated mutation rates are also found in 
microsatellites, at 10-2–10-6 mutations per locus per generation (Ellegren 2000) versus 10-9 in 
nonrepetitive DNA (Li 1997). These differences in evolution may cause issues when comparing 
neutral variation at microsatellites and mtDNA with variation at functional loci (Miller et al. 
2010). 
Chapter 1 
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With the introduction of next-generation sequencing (NGS) technology, it has become possible 
to study evolutionary processes by sequencing thousands of markers across the genome, or 
indeed sequencing the whole genome (Stapley et al. 2010; Jones et al. 2012; Hu et al. 2017). 
Despite falling costs of sequencing technologies, trade-offs between sample sizes and number 
of markers sequenced may occur, prohibiting whole-genome sequencing on large numbers of 
samples. Reduced-representation methods, which sample a smaller proportion of the genome 
while still resulting in thousands of markers, provide relatively cheap ways to sequence 
hundreds of individuals. One such method is restriction site associated DNA sequencing (RAD-
seq). In this method, DNA is cut into fragments by restriction enzymes, followed by ligation of 
adapters to the sheared ends for the unique identification of each individual. Illumina 
sequencing of PCR-amplified and size-selected fragments can then generate thousands of reads 
from multiple individuals on a single sequencing run (Davey & Blaxter 2010). RAD markers were 
originally developed for use in microarray genotyping (Miller et al. 2007) and subsequently 
adapted for NGS technologies (Baird et al. 2008), massively increasing the breadth and 
resolution of single nucleotide polymorphism (SNP) discovery across the genome. 
Compared to studies of demographic history based on neutral markers such as microsatellites, 
which only sample a very small section of the genome, the sequencing of thousands of genome-
wide SNPs greatly improves the precision with which parameters such as gene flow, colonisation 
and divergence times and routes, and bottlenecks can be detected (Narum et al. 2013). RAD-
seq has proven substantially more effective at detecting cryptic population structure in highly 
dispersive fish species than microsatellite or mtDNA approaches (Catchen et al. 2013; Corander 
et al. 2013; Hess et al. 2013), and has been utilised for assessing fine-scale demographic 
processes in a range of taxa such as invertebrates (Emerson et al. 2010; Lozier 2014; Alam et al. 
2017), vertebrates (Stervander et al. 2015; Trucchi et al. 2016; Humble et al. 2018), plants 
(Andrew et al. 2013; Lexer et al. 2014) and yeast (Cromie et al. 2013; Hyma & Fay 2013). 
A key advantage of RAD-seq for demographic studies is that it does not require prior knowledge 
of an organism’s genome, or development of species- or population-specific primers, making it 
ideal for use in nonmodel organisms (Davey et al. 2011; Reitzel et al. 2013). An additional benefit 
of RAD-seq over mtDNA and microsatellites for studying pathogen-mediated selection is that 
RAD loci are subject to similar evolutionary mechanisms as immune loci. The use of SNPs in RAD-
seq is likely to give more biologically meaningful measures of neutral variation, enabling greater 
accuracy in the quantification of selection (Brito & Edwards 2009). As the cost of whole-genome 
sequencing falls, the use of RAD-seq is likely to decline; however, it remains a cost-effective 
method for generating genomic data from large sample sizes. 
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1.3. The genomic basis of adaptation 
In addition to improving demographic inferences, improvements in sequencing technologies 
have likewise facilitated our ability to locate genomic regions associated with phenotypic 
variation in ecologically important traits. The genome-wide association study (GWAS) approach, 
which detects statistical associations between genetic variants and phenotypes, has been widely 
used to identify potential candidate genes influencing disease resistance or susceptibility in 
humans (Price et al. 2015; Sud et al. 2017; Visscher et al. 2017) and productivity traits in 
agricultural species (Goddard & Hayes 2009; Huang & Han 2014). The increased availability of 
reference genomes for wild species has enabled the detection of candidate genes for adaptive 
traits in natural populations (Hecht et al. 2013; Johnston et al. 2014; Lind et al. 2017). 
Signatures of divergent selection between populations can be identified through the use of 
genome scans. First proposed by Lewontin & Krakauer (1973; with numerous further 
developments, eg. Beaumont & Balding 2004; Foll & Gaggiotti 2008; Fariello et al. 2013), 
genome scans use the fixation index FST as a measure of allele frequency divergence between 
populations, giving a baseline level of FST expected under neutral divergence from genetic drift. 
Genetic outliers showing significantly greater FST than expected through drift alone are indicative 
of divergent selection. Mapping these regions to a reference genome can reveal potential 
candidates underlying local adaptation. In humans, genome scans have found evidence of recent 
local adaptation related to agricultural practices, climate, and disease (Voight et al. 2006; Pickrell 
et al. 2009; Kita & Fraser 2016). By sampling populations exposed to different environments, 
genomic regions undergoing local adaptation have been identified related to environmental 
conditions such as altitude (Bonin et al. 2006; Guo et al. 2016), diet availability (Bosse et al. 
2017), latitude (Pujolar et al. 2014), salinity (Dalongeville et al. 2018) and precipitation (Jones et 
al. 2013). 
The utility of RAD-seq for GWAS and genome scan approaches has been questioned, owing to 
the relatively low density of genetic markers compared with other NGS methods (Lowry et al. 
2017). In response, Mckinney et al. (2017) argue that the presence of many RAD-seq studies 
with positive findings, combined with the ease of use for studying non-model species, 
demonstrate that RAD-seq is an advantageous tool for investigating the genomics of adaptation. 
Reference genomes from closely related species can be utilised to map high numbers of RAD 
loci from species without genomic resources (Bourgeois et al. 2013), to enable the identification 
of potential candidate loci. RAD-seq has been used to successfully detect genetic associations 
with adaptive traits such as disease resistance (Liu et al. 2015; Arafa et al. 2017; Aslam et al. 
2018), growth rate (Yu et al. 2018), beak morphology (Chaves et al. 2016) and fire tolerance (He 
et al. 2018). Genome scans on RAD-seq loci have revealed divergent selection and local 
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adaptation to environmental variables such as pollution levels (Laporte et al. 2016), salinity (Guo 
et al. 2016), urbanisation (Theodorou et al. 2018), and temperature (Babin et al. 2017; Leydet 
et al. 2018). While it may be likely that some outlier regions may go undetected when using RAD 
loci for genome scans and GWAS, this is outweighed by the benefits of RAD-seq, in terms of both 
cost and readiness of use in non-model species, to facilitate the discovery of adaptive evolution 
(Catchen et al. 2017). 
 
1.4. Pathogen-mediated balancing selection 
Three main mechanisms have been proposed to explain how pathogens may drive the 
maintenance of genetic variation by balancing selection. In the heterozygote advantage model, 
genetic diversity is maintained because individuals that are heterozygous at a given locus have 
higher fitness than individuals that are homozygous (Dobzhansky 1955). In respect to immune 
genes, if multiple alleles are able to recognise and respond to different pathogen strains, or 
provide a stronger response to a single pathogen, then being heterozygous increases the ability 
of an individual to defend itself against infection (Doherty & Zinkernagel 1975). The classical 
concept of heterozygote advantage is due to overdominance, where heterozygote fitness is 
higher than either form of homozygote. However, the advantage caused by dominance, 
whereby heterozygotes have equal fitness to homozygote dominant individuals, but higher 
fitness than homozygote recessive individuals, giving an overall higher fitness on average (Penn 
et al. 2002) is also considered a type of heterozygote advantage. 
In laboratory tests of pathogen-mediated selection, overdominance was detected for mice 
strains coinfected with Salmonella enterica and Theiler’s murine encephalomyelitis virus, with 
superior survival in heterozygotes relative to both homozygotes (McClelland et al. 2003). 
Converseley, in mice exposed to multiple strains of Salmonella, heterozygote advantage in the 
F2 generation was due to dominance, with heterozygotes outperforming only one of the 
parental homozygote lines (Penn et al. 2002). However, the artificial conditions of laboratory 
experiments involving inbred strains of mice may not be ideal for inferring evolutionary 
processes in wild populations. Comparisons of natural populations exposed to a disease 
outbreak have demonstrated heterozygote advantage in red junglefowl Gallus gallus due to the 
masking of a susceptible allele in heterozygotes (Worley et al. 2010). House finch Carpodacus 
mexicanus individuals with high MHC diversity were more resistant to Mycoplasma 
gallisepticum infection, with balancing selection observed only in populations that had 
experienced M. gallisepticum outbreaks (Hawley & Fleischer 2012). In humans, heterozygote 
advantage was found at the MHC for delaying the onset of AIDS in HIV patients; homozygosity 
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at one or more of the three loci sampled was linked to rapid progression of AIDS and death 
(Carrington et al. 1999). Heterozygote advantage at a polymorphism in CYBA (a regulatory gene 
of the immune system) has been detected for tuberculosis susceptibility, with lower rates of 
tuberculosis found in heterozygotes (Liu et al. 2016). 
Balancing selection may also be explained by the rare-allele advantage hypothesis, a negative 
frequency-dependent model, where the selective advantage of an allele is dependent on its 
relative frequency within a population (Ayala & Campbell 1974). In cyclical coevolution between 
host and pathogen, selection drives increased resistance in the host, and increased infectivity in 
the pathogen. When an immune gene allele is common, there is selection upon the pathogen 
for increased infectivity against hosts possessing this allele. As pathogen infectivity increases, 
the fitness of these hosts will decrease. Having a rare allele that pathogens have not evolved 
against gives hosts a selective advantage and will increase the frequency of the rare allele, 
thereby continuing the cycle of host-pathogen coevolution (Seger 1988). Rare-allele advantage 
can promote the maintenance of genetic variation by constantly selecting for rare alleles, thus 
sustaining multiple alleles at low frequencies in the population (Slade & McCallum 1992). 
Evidence of negative frequency-dependent selection has been demonstrated in HIV patients, 
with highest viral load in individuals with common alleles (Trachtenberg et al. 2003). Similar 
results have been found for the wild Soay sheep Ovis aries population, where rare MHC alleles 
are significantly associated with increased survivorship of lambs and yearlings (Paterson et al. 
1998), and in Malagasy mouse lemur Microcebus murinus, where individals with rare alleles are 
more likely to be uninfected or have low parasite loads (Schad et al. 2005). In other studies, 
significant associations between specific MHC alleles and susceptibility to pathogens have been 
found, without evidence of heterozygote advantage, in yellow-necked mouse Apodemus 
flavicollis (Meyer-Lucht & Sommer 2005), giant pandas Ailuropoda melanoleuca (Zhang et al. 
2014), rabbits Oryctolagus cuniculus (Schwensow et al. 2017), and guppies Poecilia reticulata 
(Phillips et al. 2018). A comparison of two populations of house sparrow Passer domesticus 
located several hundred kilometres apart identified two population-specific alleles that each 
conferred protection against a single strain of malaria present in both populations (Bonneaud 
et al. 2006). This suggests that selection at these loci is driven by rare allele advantage, with 
each population independently involved in a coevolutionary cycle with the malaria strain 
(Spurgin & Richardson 2010). An alternative means to detect cyclical coevolution between host 
and pathogen is through time-shift experiments, where a host population from a particular time 
period is exposed to pathogen populations from past, contemporary, and future time periods 
(Gaba & Ebert 2009). Rare-allele advantage has been detected in this manner between plants 
and fungi (Thrall et al. 2012), invertebrates and bacteria (Decaestecker et al. 2007), bacteria and 
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bacteriophages (Gómez & Buckling 2011; Koskella 2013), and between host-defensive and 
pathogenic bacteria (Ford et al. 2017). In line with negative frequency-dependence, pathogens 
showed highest infectivity against contemporary hosts. These experiments found little evidence 
of escalating arms races characterised by selective sweeps; instead, fluctuations in frequencies 
of several host and pathogen genotypes maintained genetic diversity at immune loci. 
Thirdly, the fluctuating selection hypothesis proposes that genetic diversity at immune genes is 
maintained by spatial and temporal heterogeneity of pathogen communities (Hill 1991). Across 
a host meta-population, different subpopulations will be subjected to different types and 
frequencies of pathogens. This will be partly due to abiotic and biotic factors that determine 
whether an environment is suitable for a particular pathogen (Craig et al. 1999), but also due to 
stochastic and demographic processes acting upon the pathogen population and governing 
patterns of local extinction and colonisation (Hanski 1991). This can result in episodes of 
directional selection and local adaptation at the subpopulation level, whilst the overall pattern 
at the meta-population level is of balancing selection (Hedrick 2002). 
Evidence of fluctuating selection acting on immune genes has often been identified through 
comparisons of neutral and adaptive genetic variation, with greater population divergence in 
immune genes relative to neutral variation being suggestive of divergent selection (Charbonnel 
& Pemberton 2005; Ekblom et al. 2007; Evans et al. 2010; Li et al. 2016). Temporal fluctuations 
in immune loci variation have been found at a variety of scales. For example, within-population 
divergence was found in brown trout Salmo trutta populations sampled 12 years apart (Jensen 
et al. 2008). However, no temporal selection was detected for populations of brown hare Lepus 
europaeus over a period of eight generations, suggesting that this period may be too short to 
find signatures of selection, or that selection pressures maintained relatively constant over this 
time period (Campos et al. 2011). Conversely, a survey period of eight years was long enough to 
reveal temporal fluctuations in MHC allele frequencies of great reed warbler Acrocephalus 
arundinaceus (Westerdahl et al. 2004). At a much smaller scale, within-year fluctuations of 
malaria resistance genes were found in Anopheles gambiae mosquitoes, linked to seasonal 
rainfall changes (Rottschaefer et al. 2011). Though spatial and/or temporal variation in immune 
loci has been demonstrated in the above studies, none of these monitored changes in the 
pathogen community present in the host population. Characterising spatial and temporal 
changes in pathogen density and diversity, and relating it to host genetic variation (Hill et al. 
1991; Mackinnon et al. 2016; Osborne et al. 2017; Wang et al. 2017), provides much stronger 
evidence for the role of fluctuating selection dynamics in shaping immune gene variation. 
Pathogen heterogeneity in relation to altitude (Jones et al. 2014; Kosch et al. 2016), rainfall 
(Froeschke & Sommer 2014), temperature (Dionne et al. 2007), habitat type (Eizaguirre et al. 
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2012), and agriculture (González-Quevedo et al. 2016) has been shown to drive patterns of local 
adaptation in host immune genes. 
Several studies have indicated that a combination of models of pathogen-mediated balancing 
selection may act within the same population or between locations. Both heterozygote 
advantage at the subpopulation level, and spatial fluctuation with local adaptation has been 
demonstrated in three-spined stickleback Gasterosteus aculeatus (Wegner et al. 2003), Chinook 
salmon Oncorhynchus tshawytscha (Evans & Neff 2009), leopard frog Lithobates yavapaiensis 
(Savage & Zamudio 2011), and water vole Arvicola terrestris (Oliver et al 2009a; Oliver et al 
2009b). In a bottlenecked population of wolves Canis lupus, both heterozygotes and carriers of 
a specific MHC allele had lower nematode burdens (Niskanen et al. 2014). Rare-allele advantage 
and fluctuating selection were recorded for brandt’s vole Lasiopodomys brandtii (Zhang & He 
2013) and rufous-collared sparrows Zonotrichia capensis (Jones et al. 2015), and all three models 
were implicated in populations of badger Meles meles (Sin et al. 2014). Furthermore, modelling 
has demonstrated that heterozygote advantage alone is not enough to maintain the high levels 
of polymorphism observed at immune loci (De Boer et al. 2004; Ding & Goudet 2005; Ejsmond 
& Radwan 2015). It is likely that in many populations, different mechanisms of pathogen-
mediated selection are interacting to shape immunogenetic variation, though they may go 
undetected due to inherent difficulties in separating them (reviewed in Spurgin & Richardson 
2010). For example, any heterozygote advantage detected could be due to fitness benefits from 
rare alleles, which, due to their low frequencies, would be more commonly found in 
heterozygotes than homozygotes (Lachance 2008). Separating the effects of rare-allele 
advantage and fluctuating selection is also problematic, as both mechanisms could present the 
same patterns. Ideally, long-term studies with spatial and temporal variation of immune genes, 
neutral markers, and pathogen load would be required to determine whether selection is 
directional in response to fluctuations in the environment or pathogen regime, or whether 
alllele frequencies are subject to frequency-dependent selection (Spurgin & Richardson 2010). 
 
1.5. Toll-like receptors 
Despite the heavy focus on MHC genes in vertebrate studies of pathogen-mediated selection 
(Sommer 2005; Piertney & Oliver 2006; Eizaguirre & Lenz 2010; Bordes & Morand 2011; Kosch 
et al. 2016; Wang et al. 2017), the adaptive immunity conferred by these genes comprises only 
one component of a larger vertebrate immune response. The various genes of the innate 
immune system also play a major role in host response to infection (Kumar et al. 2011); in 
humans, the proportion of phenotypic variance in immune response attributable to MHC genes 
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is exceeded by that of non-MHC genes (Jepson et al. 1997). As it can take up to one week for 
the adaptive immune system to be ready to combat a new infection, the innate immune system 
provides an invaluable first line of defence for a rapid response to pathogens (Vinkler & Albrecht 
2009). As such, the innate immune system is an important aspect of host evolution of pathogen 
resistance in natural populations (Acevedo-Whitehouse & Cunningham 2006; Iwasaki & 
Medzhitov 2015). 
Toll-like receptor (TLR) genes are excellent candidates for studying pathogen-mediated 
selection. The TLR molecules they encode are transmembrane receptors that regulate the innate 
immune response through pathogen recognition and binding (Medzhitov et al. 1997). TLRs 
recognise highly conserved molecular motifs of pathogens such as bacteria, viruses, fungi and 
protozoa known as pathogen-associated molecular patterns (PAMPs; Janeway & Medzhitov 
2002; Netea et al. 2012). Pathogen recognition occurs at the extracellular domain of the TLR, 
within which PAMPs are bound to a diverse array of three-dimensional horseshoe-like structures 
formed of leucine-rich repeat (LRR) motifs (Bella et al. 2008). TLRs can be classified as either viral 
or non-viral, based on functional roles. Viral TLRs respond to viral PAMPs such as single- and 
double-stranded RNA and unmethylated CpG DNA, and are expressed within the cell. Non-viral 
TLRs recognise features such as lipopolysaccharides, lipopeptides, flagellins and bacterial 
ribosomal RNA, and are expressed on the surface of the cell (Barton 2007; Wlasiuk & Nachman 
2010). 
Signatures of positive selection on TLRs have been demonstrated in inter-species comparisons 
in mammalian and avian lineages. By determining the ratio of nonsynonymous nucleotide 
substitutions at nonsynonymous sites to synonymous substitutions at synonymous sites 
(dN/dS), it is possible to infer whether selection is positive (dN/dS > 1), neutral (dN/dS = 1), or 
purifying (dN/dS < 1). An analysis of TLR sequences in 15 primate species revealed signatures of 
positive selection for only six of ten TLR loci, with viral TLRs showing stronger purifying selection 
than non-viral TLRs (Wlasiuk & Nachman 2010). The authors predict this is due to the use of 
nucleic acids for viral recognition, with strong evolutionary constraints required to avoid 
triggering an autoimmune response. However, this approach measured selection across the 
whole TLR gene sequence; analysis of the same genes in mammals found positive selection 
within the extracellular domain for every gene, with similar trends for both viral and non-viral 
TLRs (Areal et al. 2011). In rodent TLR2, overall selection across the gene was predominantly 
purifying, however significant dN/dS peaks were evident within the extracellular domain 
(Tschirren et al. 2011b). Similar results were obtained across 10 genes of the avian TLR gene 
family for up to 23 bird species per gene, with signs of episodic positive selection in an average 
of 4.5% of codons. In addition, when comparing the three TLR domains, the extracellular domain 
Chapter 1 
 19 
consistently portrayed higher average dN/dS, and greater numbers of codons under positive 
selection (Grueber et al. 2014). Strong positive selection was detected in the majority of avian 
TLR genes across 63 species representing all major clades, with over a quarter of positively 
selected sites predicted to have large effects on physicochemical properties of the resulting 
proteins (Velová et al. 2018). Positive selection was found at a number of TLR genes in the pig 
family (Suidae), at amino acid sites in close proximity to functionally relevant sites (Darfour-
Oduro et al. 2015). While purifying selection has dominated the evolution of newt Lissotriton 
spp. TLRs, positive selection has been found between two diverging lineages (Babik et al. 2014). 
Recent studies have investigated TLR variation at the population level, to explore the role of 
pathogen-mediated selection in driving TLR evolution. Low to moderate levels of TLR 
polymorphisms have been discovered in wild populations of koala Phascolarctos cinereus (Cui 
et al. 2015), lesser kestrel Falco naumanni and house finch Haemorhous mexicanus (Alcaide & 
Edwards 2011), suggesting the potential for balancing selection. Though unlikely to reach the 
extreme levels of diversity observed at the MHC, TLR variation may be widespread, as 
polymorphisms were discovered in a highly bottlenecked population of New Zealand’s Stewart 
Island robin Petroica australis that originated from just 12 founders, though diversity was low 
(Grueber et al. 2012). Comparable levels of TLR diversity were also found in the endangered 
African penguin Spheniscus demersus, which has experienced recent declines in population size 
(Dalton et al. 2016). Moderate variation at TLR4 was found in populations of the mouse 
subspecies Mus musculus domesticus and M. m. musculus, though with contrasting patterns of 
diversity between the two subspecies. While M. m. musculus was characterised by a number of 
haplotypes at intermediate frequency, M. m. domesticus was largely dominated by a single 
haplotype (Fornůsková et al. 2014). Spatial variation in TLR2 diversity across sympatric 
populations of yellow-necked mouse Apodemus flavicollis and bank vole Myodes glareolus 
likewise revealed contradictory selection processes (Tschirren et al. 2011a); in bank voles, TLR2 
showed evidence of balancing selection through local adaptation, whereas yellow-necked mice 
appeared to have undergone a selective sweep. This may relate to the observations of episodic 
positive selection across avian lineages by Grueber et al. (2014), with an asynchrony in the 
timing of selective sweeps between bank voles and yellow-necked mice (Tschirren et al. 2011a). 
Drift was found to be the predominant force driving contemporary TLR variation in the 
bottlenecked Seychelles warbler Acrocephalus sechellensis, with patterns of variation suggestive 
of historical balancing selection (Gilroy et al. 2017). Conversely, balancing selection was 
suggested to be maintaining TLR4 variants associated with parasite burden in a population of 
water voles Arvicola amphibius through a bottleneck (Gavan et al. 2015). 
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1.6. Antimicrobial peptides and β-defensins 
Antimicrobial peptides (AMPs) are an ancient lineage of effector molecules common to all life 
(Hancock & Diamond 2000). In plants and animals, AMPs provide innate, broad-scale protection 
against bacteria, viruses, protozoa and fungi (Zasloff 2002). AMPs are composed of three 
sections: a signal sequence, a propiece, and a mature peptide, which cleaves off from the rest 
of the protein and kills microbes through disruption of the cellular membrane (Yeaman & Yount 
2003). Positive selection on the nucleotide sequence encoding the mature peptide has been 
discovered throughout the evolutionary history of AMPs, where adaptation to fight new or 
modified pathogens has been inferred from elevated rates of amino acid substitutions 
(Tennessen 2005). This has resulted in a highly diverse selection of AMP genes across major 
groups such as invertebrates (Bulmer & Crozier 2004), primates (Maxwell et al. 2003), 
amphibians (Duda et al. 2002), fish (Padhi & Verghese 2007), and birds (Hellgren & Ekblom 
2010). 
It has been hypothesised that balancing selection may be less important for maintaining 
variation at generalist compared to specialist defence genes (Tiffin et al. 2004). For a pathogen 
to avoid detection by a specialist defence gene, it may only require a small sequence change, 
whereas for a generalist that targets the cell membrane, several coordinated changes may be 
necessary, allowing enough evolutionary time for an allele to undergo a selective sweep to 
fixation (Schröder 1999). Support for this view was demonstrated at the frog AMP locus 
Ranatuerin2, where a recent positive selective sweep has resulted in no allelic variation in Rana 
pipiens, but high divergence between R. pipiens and the closely related Rana chiricahuensis 
(Tennessen & Blouin 2007). By contrast, however, a population genetic study of the Brevinin1.1 
AMP locus in R. pipiens revealed evidence of strong balancing selection and geographic variation 
in allelc diversity (Tennessen & Blouin 2008). 
In vertebrates, the defensins are a diverse family of cationic AMPs, providing antimicrobial 
defence as well as signalling roles and anti-inflammatory responses (Van Dijk et al. 2008). 
Defensins are grouped into α-, β- and θ-defensin gene families. β-defensins are present in all 
vertebrates, while α-defensins are found in mammals, and θ-defensis are only present in some 
primates (Liu et al. 1997; Tang et al. 1999). Gene duplication, and subsequent divergence 
through positive selection on the mature peptide, has been a common feature throughout the 
evolution of defensins (Semple et al. 2006; Hellgren & Ekblom 2010; Cheng et al. 2014; Jones et 
al. 2017; Tang et al. 2018). Evidence of balancing selection has been found in the β-defensins: 
analysis of five β-defensins shown to be under positive selection in primates revealed high levels 
of allelic diversity in human populations, with 16 out of 20 polymorphic sites within the mature 
peptide resulting in amino acid substitutions. This balancing selection appears to be due to 
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ecological differences in selective pressures, with strong divergence between hunter-gatherer 
and agricultural populations (Hollox & Armour 2008). Further support for balancing selection 
within this gene family has been found in waterfowl (Anatidae) avian β-defensins (AvBDs), both 
within and across species (Chapman et al. 2016). 
Contrary to gene families such as the MHC and TLRs whose products trigger a cascade of immune 
responses upon detection of a pathogen, it is the β-defensins themselves that kill or inhibit 
pathogens. Thus there is a direct link between the sequence of β-defensin genes and the ability 
of their proteins to combat pathogens. This makes them a highly attractive target for the study 
of host-pathogen evolution, as the effects of genetic variation at β-defensins are not dependent 
upon the variation present at other loci further down an immune response pathway (Hellgren 
& Sheldon 2011). This same property also makes it possible to investigate in vitro the link 
between allelic variation and antimicrobial efficacy, to confirm that changes to the amino acid 
sequence translate into functional differences (Klüver et al. 2005; Higgs et al. 2007; Yang et al. 
2017). Natural allelic variation at β-defensins has been found in a number of species (eg. 
Hellgren 2015; Gilroy et al. 2016; Schmitt et al. 2017b), with evidence for functional variation in 
antimicrobial activity (Hellgren et al. 2010; Cadwell et al. 2017; Schmitt et al. 2017a). With 
evidence of both balancing selection and functional allelic variation, the β-defensins are an ideal, 
yet relatively unexplored, family for studying pathogen-mediated selection. 
 
1.7. Pathogen-mediated selection and adaptive variation in Berthelot’s pipit 
Berthelot’s pipit Anthus berthelotii is a small, sedentary passerine endemic to the Macaronesian 
islands comprising the Canary Islands, the Selvagens, and the Madeiran archipelago, and is both 
locally abundant and widespread throughout these islands (Martín & Lorenzo 2001; Oliveira & 
Menezes 2004; Illera et al. 2007). An analysis of 21 microsatellite loci detected genetic 
bottlenecks in both the Selvagens and the Madeiran islands. From this, alongside approximate 
Bayesian computation analyses, it has been inferred that Berthelot’s pipit underwent two 
simultaneous colonisation events from the Canary Islands to Madeira and Selvagens ca. 8000 
years ago, with genetic and morphological variation supporting a model of isolation-by-
colonisation, shaped by founder events (Spurgin et al. 2014). Berthelot’s pipit is classified into 
two subspecies: A. berthelotii madeirensis, found in the Madeiran archipelago, is characterised 
by longer bill length than A. berthelotii berthelotii, which inhabits the Canary Islands and 
Selvagens (Martín & Lorenzo 2001; Oliveira & Menezes 2004). Bill morphology is an ecologically 
important trait associated with local adaptation and speciation (Grant 1986; Lamichhaney et al. 
2016; Bosse et al. 2017). However, as both divergent selection and founder effects can drive 
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phenotypic differentiation between populations (Clegg et al. 2002; Kolbe et al. 2012), it is not 
known if bill length differences in Berthelot’s pipits are driven by selection. 
Pathogens appear to exert substantial selection pressure on Berthelot’s pipit. Screening of birds 
from each of the islands in their range detected two strains of Plasmodium, four strains of 
Leucocytozoon, and one strain of avian pox (Spurgin et al. 2012). Infected individuals had 
significantly greater body mass, suggesting that these pathogens inflict severe fitness costs, 
whereby only the highest quality individuals are capable of surviving. The same study identified 
spatial variation in pathogen communities, which could allow for pathogen-mediated selection 
maintained by local adaptation to particular pathogen regimes. In line with island biogeography 
theory (MacArthur & Wilson 1967), pathogen prevalence was strongly associated with island 
size and isolation, with smaller, more isolated islands harbouring fewer pathogens. Within 
Tenerife, the largest island inhabited by Berthelot’s pipit, subpopulations from coastal areas and 
an alpine plateau showed strong spatial differentiation in pathogen densities (Spurgin et al. 
2012). Fine-scale mapping of Plasmodium infections was carried out by catching birds in every 
1 km2 of accessible pipit habitat (González-Quevedo et al. 2014). The key predictor of 
Plasmodium variation was minimum temperature in the coldest month, in line with 
environmental constraints of its vector species; in addition, anthropogenic factors were 
revealed to have strong effects. Distance to artificial water reservoirs played a role in predicting 
Plasmodium distributions, due to increased habitat for vector development. Proximity to poultry 
farms was also a significant predictor, however it is unclear whether chickens are acting as a 
reservoir from which the local pipit population is becoming infected, or whether factors such as 
increased density of wild birds around poultry farms are causing this relationship. In a further 
study of the same population, the presence of two MHC alleles were influenced by the proximity 
to poultry farms, with one allele also showing a significant association with malaria risk, 
suggesting that pathogens may be driving fine-scale adaptive evolution in this species (González-
Quevedo et al. 2016). 
Preliminary work on avian TLRs in Berthelot’s pipit has detected polymorphisms at five TLR 
genes, with significant differentiation in genetic variation between archipelagos (González-
Quevedo et al. 2015). This closely mirrored inferred demographic patterns (Illera et al. 2007; 
Spurgin et al. 2014), suggesting strong influences of founder effects; however, signatures of 
positive selection within the extracellular domain were identified in TLR3 and TLR4. 
Furthermore, two private TLR alleles were discovered in the Madeiran population, at relatively 
high equal frequencies, each resulting in nonsynonymous sequence changes. No private alleles 
were found for either microsatellites or mtDNA in this population (Illera et al. 2007; Spurgin et 
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al. 2014), suggesting that these TLR alleles have evolved in situ as a result of recent selection 
(González-Quevedo et al. 2015). 
 
1.8. Thesis aims 
In this thesis, I use a combination of genomic approaches and candidate genes to investigate the 
processes driving adaptive genetic variation in wild populations and the role of pathogens in 
shaping genetic diversity of immune loci. In Chapter 2, I use RAD-seq to first assess fine-scale 
patterns of neutral diversity and population structure within Berthelot’s pipits and in 
comparison to the mainland sister species, the tawny pipit Anthus campestris. I then detect 
genomic regions associated with malaria infection and bill length throughout Canary Islands 
populations of Berthelot’s pipits. I also perform a genome scan to identify signatures of 
divergent selection between the archipelagos. In Chapter 3, I design primers to sequence the 
mature peptides of AvBD loci, to characterise population-level AvBD diversity in Berthelot’s and 
tawny pipits. I assess whether balancing selection has maintained AvBD diversity through 
colonisation events, using the RAD data as a measure of neutral diversity. In Chapter 4, I 
determine the environmental drivers of malaria risk on Porto Santo, the population with the 
highest recorded blood parasite prevalence throughout Berthelot’s pipits. I then compare fine-
scale genetic associations with malaria infection and risk on Porto Santo and Tenerife, both at 
TLR4 and at two RAD SNPs identified in Chapter 1 as showing significant associations with 
malaria infection in the Canary Islands. Finally, in Chapter 5, I discuss the findings of the previous 
Chapters and their combined significance, and suggest future research directions. 
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2.1. Abstract 
Island species provide excellent models for investigating how selection and drift operate in wild 
populations, and for determining how these processes act to influence local adaptation and 
speciation. Here, we examine the role of selection and drift in shaping genomic and phenotypic 
variation across recently separated populations of Berthelot’s pipit (Anthus berthelotii), a 
passerine bird endemic to three archipelagos in the Atlantic. We first characterised genetic 
diversity and population structuring, which supported previous inferences of a history of recent 
colonisations and bottlenecks. We then tested for regions of the genome associated with the 
ecologically important traits of malaria infection and bill length, both of which vary substantially 
across populations in this species. We identified a SNP associated with variation in bill length 
among individuals, islands and archipelagos; patterns of variation at this SNP suggest that both 
phenotypic and genotypic variation in bill length is largely shaped by founder effects. Malaria 
was associated with SNPs near/within genes involved in the immune response, but this 
relationship was not consistent among archipelagos, supporting the view that disease resistance 
is complex and rapidly evolving. Although we found little evidence for divergent selection at 
candidate loci for bill length and malarial infection, genome scan analyses pointed to several 
genes related to immunity and metabolism as having important roles in divergence and 
adaptation. Our findings highlight the utility and challenges involved with combining association 
mapping and population genetic analysis in non-equilibrium populations, to disentangle the 
effects of selection and drift on shaping genotypes and phenotypes. 
 
2.2. Introduction 
The process of speciation is a continuum, beginning with small genetic differences between 
lineages that accumulate to produce reproductive isolation (Coyne & Orr 2004). Studying the 
traits that diverge in the early stages of speciation will increase our understanding of the factors 
and forces that give rise to the huge array of species we see today. Phenotypic divergence 
between populations may be driven by natural selection acting upon adaptive traits, by genetic 
drift mediated by demographic changes, or by a combination of the two. To determine whether 
variation in traits across populations is adaptive, it is first necessary to understand the 
demographic history of the diverging populations in order to separate the relative contribution 
of drift. Molecular markers have been used since the 1960s to characterise genetic diversity 
within and among populations (Lewontin & Hubby 1966; Kreitman 1983), identify demographic 
patterns (Jorde et al. 1997; Garris et al. 2005), and infer adaptation (Hughes & Nei 1988; Zhang 
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et al. 1998), and therefore have been instrumental in the study of reproductive isolation and 
speciation. 
Within the last decade, next-generation sequencing has greatly enhanced our ability to study 
evolutionary patterns and processes in wild populations (Stapley et al. 2010). Using techniques 
such as restriction site-associated DNA sequencing (RAD-seq; Miller et al. 2007; Baird et al. 
2008), it is possible to sequence thousands of loci without any prior knowledge of the target 
species’ genome (Davey et al. 2011). The high marker density provides enough power to identify 
subtle population differentiation and calculate accurate genome-wide estimates of variation 
(Luikart et al. 2003; Corander et al. 2013; Benestan et al. 2015; Fernández et al. 2016). It has 
also facilitated the identification of individual loci or regions of the genome directly under 
natural selection. “Top-down” approaches, such as genome-wide association studies and 
quantitative trait locus mapping, enable the discovery of regions of the genome associated with 
ecologically important traits (e.g. Jones et al. 2012; Küpper et al. 2015; Liu et al. 2015; Pavey et 
al. 2015; Comeault et al. 2016). Alternatively, using “bottom-up” (or genome-scanning) 
approaches, it is possible to statistically detect loci under divergent selection between 
populations, and to use this information to identify candidate phenotypes previously not known 
to be under selection (Turner et al. 2010; Fumagalli et al. 2015; Kardos et al. 2015; Manel et al. 
2016). Combining trait mapping and genome scans is a particularly powerful approach, as it 
potentially allows us to simultaneously identify novel candidate traits under selection, 
determine the genetic basis of traits, and investigate how those traits have evolved over 
ecological and evolutionary timescales (Stinchcombe & Hoekstra 2008; Gagnaire & Gaggiotti 
2016; Josephs et al. 2017). A number of studies have now combined top-down and bottom-up 
approaches to study adaptation in the wild (Nadeau et al. 2012; Gompert et al. 2013; Johnston 
et al. 2014; Brachi et al. 2015; Bourgeois et al. 2017), but few have been carried out in 
bottlenecked or isolated populations (Hohenlohe et al. 2010). 
Oceanic island systems provide excellent models in which to study adaptive evolution. 
Populations on different islands will face a unique set of selection pressures, driven by variation 
in abiotic factors, or differences in ecological communities between islands that have arisen due 
to independent histories of colonisation and extinction events (Carlquist 1974). The sea provides 
a natural barrier to the migration of terrestrial fauna and flora, enabling populations to 
independently evolve, with limited scope for gene flow to counteract local adaptation (Grant 
1986). 
Here we combine association mapping and genome-scanning approaches to identify the key 
traits involved in adaptive evolution and population divergence in Berthelot’s pipit Anthus 
berthelotii, a small passerine endemic to three volcanic island archipelagos in the Atlantic Ocean. 
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The recent colonisation of this species across a set of ecologically distinct islands makes it an 
interesting model for examining adaptive evolution in a natural setting. Within the last 2.5 
million years Berthelot’s pipits colonised the Canary Islands and diverged from their sister 
species, the tawny pipit Anthus campestris (Voelker 1999). Then, around 8,000 years ago, 
Berthelot’s pipits from the Canary Islands reached the Madeiran and Selvagens islands in two 
independent, northward colonisations, with a subsequent absence of gene flow (Illera et al. 
2007; Spurgin et al. 2014). The recent colonisation of the latter two archipelagos has resulted in 
clear genetic and phenotypic signatures of founder effects (Spurgin et al. 2014; González-
Quevedo et al. 2015b). This nested pattern of population structure enables comparisons of 
genetic and phenotypic divergence at a range of spatial scales (Spurgin et al. 2014; González-
Quevedo et al. 2015a), and allows us to examine how natural selection and genetic drift interact 
in bottlenecked populations (Spurgin et al. 2011). 
Importantly, in Berthelot’s pipits there is also inter-island variation in selection pressures and 
potential signatures of adaptation (reviewed in Illera et al. 2016). Two traits of particular interest 
are pathogen resistance and bill morphology. The different pipit populations have a high degree 
of variation in avian malaria prevalence, and this variation is consistent over time and 
constrained by island biogeographic features, suggesting that avian malaria may be an 
important agent of divergent selection in this system (Illera et al. 2008; Spurgin et al. 2012; 
González-Quevedo et al. 2014). Bill morphology also differs markedly among populations, with 
pipits from the Madeiran archipelago classified as a separate subspecies, A. berthelotii 
madeirensis, based on longer bill lengths (Martín & Lorenzo 2001; Oliveira & Menezes 2004). 
Although overall patterns of body size in Berthelot’s pipits have likely been shaped by founder 
effects (Spurgin et al. 2014), the difference in bill length could be adaptive. Importantly, both 
pathogen resistance and bill morphology are key traits in local adaptation, divergence and 
speciation in other taxa (Amadon 1950; Grant 1986; Ekblom et al. 2007; Eizaguirre et al. 2012; 
Lenz et al. 2013; Lamichhaney et al. 2016; Bosse et al. 2017), and as a result there is a great deal 
of interest in identifying their genetic basis in wild populations. Indeed, characterising the 
molecular basis of these traits increases our understanding of the mechanisms driving adaptive 
evolution, and could contribute to improving biodiversity conservation efforts (Smith et al. 
2009). 
Our specific aims were as follows. First, we used RAD-seq data to re-examine the population 
history of Berthelot’s pipit at greater resolution than previously achieved with microsatellites 
(Spurgin et al. 2014). Second, we use association mapping to identify candidate SNPs associated 
with bill length and malaria infection among the “founder” Berthelot’s pipit populations in the 
Canary Islands. We then explore how selection and drift have interacted to shape variation at 
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candidate SNPs by comparing variation among founder and derived bottlenecked populations. 
Finally, we performed genome scans to detect regions of the genome under divergent selection 
between populations and examine how drift and selection shape genome diversity in 
bottlenecked populations. 
 
2.3. Methods 
2.3.1. Sample collection and sequencing 
Berthelot’s pipits were sampled on 12 islands across their geographical range (Fig. 2.1A), as 
reported by Illera et al. (2007) and Spurgin et al. (2012). Pipits caught on the alpine plateau of El 
Teide volcano (> 2,000 m above sea level) were classified as a separate population (Spurgin et 
al. 2014). Birds were caught in spring traps baited with Tenebrio molitor larvae, and each bird 
was fitted with either a unique numbered aluminium ring issued from the Spanish or Portuguese 
ministries, or with a coloured plastic ring. Blood samples were obtained by brachial 
venipuncture and stored at room temperature in 800 μl of 100% ethanol in screw-cap 
microcentrifuge tubes. Bill length and tarsus length were measured with callipers to the nearest 
0.1 mm. The age of the birds was determined as adult or juvenile based on feather moult pattern 
(Cramp 1988). Further information on each bird was derived from the blood samples as detailed 
in Illera et al. (2008) and Spurgin et al. (2012). In brief, DNA was extracted using a salt extraction 
protocol described in Richardson et al. (2001), and molecularly sexed (Griffiths et al. 1998). 
Haemosporidian blood parasites such as Plasmodium were detected using a nested PCR 
approach (Waldenström et al. 2004), and PCR products from samples with infections were 
Sanger sequenced to characterise the strains present across Berthelot’s pipit populations. 
 
2.3.2. Berthelot’s pipit genome 
A draft Berthelot’s pipit genome was prepared using a sample collected from Porto Santo, 
Madeira. This bird was selected due to its low level of heterozygosity, calculated from the RAD 
data (see below). The genome was used in this study to increase the number of RAD loci 
successfully mapped to the zebra finch genome. 
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Figure 2.1 Sampling locations, genetic diversity, and linkage disequilibrium in Berthelot’s and 
tawny pipits. A) Map of Berthelot’s pipit and tawny pipit sampling locations. B) The relationship 
between linkage disequilibrium and base-pair distance for SNPs in the Canary Islands, Madeira 
and Selvagens archipelagos. The red line shows a general additive model, with the shaded band 
indicating 95% confidence intervals. 
 
Sample preparation, sequencing, and genome assembly were performed at the Earlham 
Institute in Norwich. 10 μg of blood was extracted with the Agencourt Genfind V2 Blood & Serum 
Genomic DNA Isolation Kit (Beckman Coulter). Following extraction, DNA concentration was 
measured using the Qubit dsDNA HS Assay Kit (Life Technologies). Five hundred nanograms of 
genomic DNA was sheared into ~400-bp fragments using a Covaris S2 acoustic sonicator (Covaris 
Inc.), with the following shearing parameters: duty cycle = 10%, intensity = 5, cycles per burst = 
200, time = 45 seconds. DNA fragments were then cleaned using 0.6x AMPure XP beads 
(Beckman Coulter) and eluted into 40 ul Tris-HCl pH 8.0. A further cleaning with 3.0x AMPure XP 
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beads without elution was followed by end repair, A-tailing and ligation of Illumina PCR-free 
TruSeq adapters (Illumina) using KAPA Library Preparation Kit reagents (Kapa Biosystems). An 
additional 0.7x AMPure XP bead clean up removed adapter dimers and fragments shorter than 
~150 bp. The library was then eluted off the AMPure beads. The library was QC checked with 
the Bioanalyzer DNA HS assay system (Agilent Technologies Inc.) and quantified by both Qubit 
dsDNA HS Assay Kit and qPCR using a KAPA Library Quantification Kit on a StepOnePlus Real-
Time PCR System (Life Technologies). Illumina sequencing was performed using paired-end 
sequencing (2 x 125 bp), with a 1% PhiX spike, on an Illumina HiSeq 2500 sequencer in rapid-run 
mode. Following sequencing, read quality was assessed with FastQC 
(www.bioinformatics.babraham.ac.uk/projects/fastqc/). The draft genome was assembled 
using DISCOVAR de novo (Weisenfeld et al. 2014), and assembly statistics were calculated with 
the “abyss-fac” utility in ABySS (Simpson et al. 2009). The completeness of the genome was 
assessed using CEGMA (Parra et al. 2007) and BUSCO (Simão et al. 2015), which searched the 
genome for 248 highly conserved core eukaryotic genes and 3023 vertebrate-specific single copy 
orthologs, respectively. 
 
2.3.3. RAD library preparation 
We chose 20 samples per population (22 from the lowland Tenerife population) for RAD-seq, 
with efforts made to reduce the probability of sampling relatives by maximising geographical 
coverage within each island, and to equalise the number of males and females where possible. 
In addition, 16 samples from tawny pipits were included; these were collected in Spain (n = 11), 
Mauritania (n = 4) and Morocco (n = 1; Fig. 2.1A) following the same catching, measuring and 
sampling protocols as Berthelot’s pipit. 
DNA was extracted from samples using a salt extraction protocol (Richardson et al. 2001), using 
a sufficient quantity of blood to gain a DNA concentration > 50 ng/µl. The quality of the DNA 
extractions was visually assessed under UV after electrophoresis on a 1.2% agarose gel, and DNA 
concentration was quantified with Quantifluor dsDNA dye (Promega) on a FLUOstar OPTIMA 
microplate reader (BMG Labtech Ltd). Library preparation was carried out at the NERC 
Biomolecular Analysis Facility in Sheffield, following a modified version of the ddRAD protocol 
by DaCosta & Sorenson (2014). Samples were allocated to one of three libraries, with 
populations evenly spread across the libraries to reduce bias from library-specific effects. 1 μg 
of DNA was digested with high fidelity SbfI and EcoRI restriction enzymes (New England Biolabs). 
P1 and P2 sequencing adapters were ligated onto the digested fragments. These adapters 
include the Illumina TruSeq amplification and sequencing primer sequences, a unique eight bp 
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barcode sequence, and overhangs to ligate to the sticky ends produced by SbfI and EcoRI, 
respectively (details of primer design in DaCosta & Sorenson 2014). The DNA concentration of 
each sample was then quantified on a StepOnePlus Real-Time PCR System (Applied Biosystems), 
and samples were pooled into 12 pools of equimolar amounts. Pools were size-selected for 
fragments between 300 and 450 bp by cutting from a 2% low melt agarose gel with size 
standards added to each pool, and purified using a MinElute Gel Extraction Kit (Qiagen). Pools 
were PCR amplified with Phusion High-Fidelity PCR Master Mix (Finnzymes) and purified with 
AMPure XP beads (Agencourt), then quantified as above. The 12 pools were then mixed in 
equimolar amounts into a final pool of at least 2 nM concentration, which was sent to Edinburgh 
Genomics for sequencing on an Illumina HiSeq2500. 
 
2.3.4. RAD library bioinformatics 
The raw RAD sequencing data was first quality-checked using FastQC 
(www.bioinformatics.babraham.ac.uk/projects/fastqc/), then processed using the ddRAD 
pipeline created by DaCosta & Sorenson (2014). This pipeline first demultiplexed the reads, 
assigning them to samples based on the 8-bp barcode sequence. Following demultiplexing, 
samples were grouped into five datasets, as outlined in Table 2.1. These were created to 
maximize the number of loci at different levels of clustering within our dataset. 
The following was performed on each dataset independently. Reads were sorted by quality and 
clustered with UCLUST in USEARCH version 5 (Edgar 2010) at an identity of 85%. In each cluster, 
the sequence with the highest quality score was then mapped to the zebra finch genome 
(Taeniopygia guttata version 3.2.4; Warren et al. 2010) with BLASTN version 2.2.31 (Altschul et 
al. 1990), and clusters sharing a single BLAST hit were combined. The reads in each cluster were 
aligned in MUSCLE version 3.8.31 (Edgar 2004). Genotypes were scored using the script 
RADGenotypes.py (see DaCosta & Sorenson 2014 for full details). The “All Pipits” dataset 
containing all Berthelot’s pipit and tawny pipit samples was then filtered to contain all SNPs from 
RAD loci that were successfully genotyped in 100% of individuals, removing loci that contained 
SNPs with > 2 alleles. Filtering for the other four datasets accepted loci that could not be 
confidently genotyped in ≤ 3 samples (these ambiguous genotypes were then treated as missing 
data in downstream analysis), and allowed up to 10% of samples with missing genotypes. Allele 
frequencies were calculated with the R package adegenet (Jombart 2008), and biallelic SNPs 
with a minor allele frequency ≥ 3% were retained. Further filtering resulted in datasets 
containing one SNP, per RAD locus, that had the highest minor allele frequency within that locus. 
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The draft Berthelot’s pipit genome was used to improve mapping ability for loci across the four 
Berthelot’s pipit datasets that failed to be conclusively mapped to the zebra finch genome. 
Where possible, the sequences for unmapped loci were taken from the same individual that was 
used to construct the genome, otherwise the consensus sequence was used. Unmapped 
sequences were then searched for in the pipit genome using BLASTN version 2.6.0 (Altschul et 
al. 1990). When a single hit to the pipit genome was obtained, the region of the genome 
spanning 1000 bp in each direction from the RAD locus was recorded. This extended sequence 
was mapped against the zebra finch genome, using the runBLAST.py script from the ddRAD 
pipeline (DaCosta & Sorenson 2014) and BLASTN version 2.3.0 (Altschul et al. 1990). Positions 
of loci successfully mapped in this way were updated. 
Table 2.1 Summary of RAD-Seq datasets: sample locations, locus filtering, and analyses 
performed on each dataset. Read depth = median number of reads per sample per RAD locus. 
Filtering steps: A = loci unambiguously genotyped in 100% of samples, excluding loci with 
multiallelic SNPs; B = loci with ≤ 3 ambiguous genotypes, and up to 10% missing/ambiguous 
genotypes; C = remove SNPs with minor allele frequency of < 3%, then select one SNP per locus 
with the highest minor allele frequency; D = remove SNPs out of Hardy-Weinberg equilibrium in 
more than two populations, and SNPs mapped to the Z chromosome. 
 
Dataset 
All pipits Berthelot's 
Berthelot's 
HWE 
Canary 
Islands Madeira Selvagens 
n Samples 278 262 262 182 60 20 
n Loci 1826 2745 2598 3330 2983 1918 
Read depth 184 198 198 187 195 176 
Density of loci in zebra 
finch genome (%) 
0.016 0.025 0.024 0.030 0.027 0.017 
Sample locations 
      
Canary Islands X X X X 
  
Madeira X X X 
 
X 
 
Selvagens X X X 
  
X 
Tawny pipits X           
Filtering steps 
      
Filtering A X 
     
Filtering B 
 
X X X X X 
Filtering C 
 
X X X X X 
Filtering D     X       
Analyses 
      
Nucleotide diversity X 
     
Linkage 
disequilibrium 
   
X X X 
Admixture 
  
X 
   
BSLMM/LMM 
 
X 
 
X 
  
EigenGWAS 
 
X 
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A final filtering step was applied to the “Berthelot’s” dataset to make a sixth dataset, 
“Berthelot’s HWE” (Table 2.1) that removes SNPs that could have confounding effects on 
estimates of population structure. First we removed SNPs located on the Z chromosome, which 
is evolving under different selective forces to the autosomes (Li & Merilä 2010). We then 
calculated P values for deviations from Hardy Weinberg Equilibrium (HWE) in PLINK 1.9 (Chang 
et al. 2015), and removed SNPs that were out of HWE at P < 0.05 in three or more populations. 
 
2.3.5. Population genetics analysis 
We first compared the overall levels of genetic diversity among the different Berthelot’s pipit 
archipelagos and the tawny pipit, using the “All Pipits” dataset. We used the approach outlined 
by Lozier (2014) to calculate per-SNP nucleotide diversity (πSNP) at 1,826 loci present in all 
samples, and the overall nucleotide diversity per locus (πRAD) as the sum of the nucleotide 
diversity at every site along a RAD locus, including invariable sites, divided by the length of the 
locus (excluding loci < 50 bp long, n = 1,722). Nucleotide diversity was calculated in VCFtools 
version 0.1.14015 (Danecek et al. 2011). To account for differences in sample size between 
groups, nucleotide diversity for each SNP was averaged across 100 runs using subsampled 
datasets of 16 samples, equal to the smallest sample size (tawny pipits). 
Linkage disequilibrium was calculated in PLINK 1.9 (Chang et al. 2015). We used the separate 
archipelago datasets (“Canary Islands”, “Madeira” and “Selvagens”, rather than the 
“Berthelot’s” dataset, in order to maximize the number of loci available for analysis. The r2 
values obtained were compared to physical distance between loci, excluding pairs of SNPs 
situated on different chromosomes. 
Population structure was examined using the “Berthelot’s HWE” dataset. Genetic population 
clustering was identified with ADMIXTURE (Alexander et al. 2009), for K = 1 to K = 13 putative 
clusters. We calculated five-fold cross-validation error to determine the optimal number of 
clusters (Alexander & Lange 2011). PLINK 1.9 (Chang et al. 2015) was used to calculate the mean 
FST between each pair of populations, which we correlated with pairwise geographic distance 
using a one-tailed partial Mantel test, using the Ecodist package in R (Goslee & Urban 2007). To 
control for archipelago-level effects, we included “archipelago comparison” (e.g. Canary Islands 
vs. Canary Islands, Canary Islands vs. Madeira, etc.) as a categorical variable in the partial Mantel 
tests. 
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2.3.6. Genetic associations with traits 
We used two genome-wide association study (GWAS) analyses to identify loci associated with 
bill length and malaria infection. A central issue with GWAS is accounting for population 
structure (Marchini et al. 2004) and we used two approaches to deal with this. First, we 
restricted association analyses to the “Canary Islands” dataset, in which population structure is 
limited (see Results). Secondly, we used kinship/relatedness matrices to statistically control for 
any population structure among the Canary Islands. We first used a univariate linear mixed-
model (LMM) implemented in the software package GEMMA (Zhou & Stephens 2012). This 
model assumes that every genetic variant affects the phenotype, which would suit a highly 
polygenic genetic architecture, and accounts for population structure with a centred kinship 
matrix calculated in GEMMA. 
In our second analysis, we performed association mapping with a Bayesian sparse linear mixed-
model (BSLMM; Zhou et al. 2013), again using GEMMA and the “Canary Islands” dataset. BSLMM 
combines linear mixed-models with sparse regression models, giving the benefits of each when 
the underlying genetic architecture of the trait (many genes of small effect vs. few genes of large 
effect) is unknown (Zhou et al. 2013). Population structure is controlled for with a relatedness 
matrix as a covariate of the model. The output includes estimates of the hyperparameters PVE 
(the proportion of the phenotypic variance explained), PGE (the proportion of PVE that can be 
explained by SNPs with a nonzero effect on phenotypic variation), and the number of SNPs that 
explain the PVE. Each SNP is assigned a posterior inclusion probability (PIP), which is the 
proportion of times the SNP has a nonzero effect on phenotypic variation. We used a threshold 
of PIP > 0.1 to identify candidate SNPs associated with phenotypes (Chaves et al. 2016). Each 
analysis was run for 20 million iterations with a burn-in of 5 million. This was repeated 10 times, 
and the results were averaged across runs. We subsequently repeated the BSLMM analysis using 
the “Berthelot’s” dataset, to discover whether the increase in power gained from a larger 
sample size improved the ability to detect loci associated with either bill length or malaria 
infection. 
To check whether SNPs associated with bill length also covary with overall body size, we also ran 
a BSLMM with tarsus length as a candidate trait. Tarsus length is strongest predictor of overall 
body size that can be accurately measured from a live bird (Senar & Pascual 1997). Bill and tarsus 
length were only weakly correlated in our dataset (r = 0.13, P = 0.04). 
To identify genes located near outlier SNPs, we downloaded Ensembl gene predictions for zebra 
finch (ftp://ftp.ensembl.org/pub/release-90/fasta/taeniopygia_guttata/pep/), and viewed 
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regions of interest using the University of Santa Cruz Genome Browser (http://genome-
euro.ucsc.edu/cgi-bin/hgGateway). 
We examined how selection and drift shaped variation at candidate SNPs, as follows. For the 
most significant SNPs identified in the BSLMM analyses (PIP > 0.1), we calculated allele 
frequencies for each island population and compared this against population-level trait variation 
(mean bill length and malaria prevalence), using Pearson correlations. We also calculated 
pairwise FST individually for BSLMM outliers, and compared outlier FST and genome-wide FST, 
using partial Mantel tests. To better visualise how variation at outlier SNPs was partitioned 
among populations, we also tested for isolation-by distance at outlier SNPs, using the same 
approach described above for genome-wide FST. 
 
2.3.7. EigenGWAS analysis 
We used EigenGWAS (Chen et al. 2016), implemented in the program GEAR 
(https://github.com/gc5k/GEAR/wiki), to separate loci under divergent selection from the 
genome-wide effects of drift between the archipelagos, using the “Berthelot’s” dataset. This 
analysis uses eigenvector decomposition on the genotype data to characterise the underlying 
population genetic structuring, without the need to define discrete populations. This then 
enables the identification of SNPs under selection across gradients of population structure. 
EigenGWAS provides adjusted P values that use the genomic inflation factor λGC (Devlin & 
Roeder 1999) to correct for population stratification (i.e. drift), to avoid interpreting ancestry-
informative markers as loci under selection. Genes in the zebra finch genome located near to 
outlier SNPs were identified as above. We then calculated FST in PLINK 1.9 (Chang et al. 2015), 
grouping samples according to eigenvector clustering, to examine the relationship between 
EigenGWAS significance and genetic divergence. 
We found an apparent overlap between the most significant SNP identified in the BSLMM for 
bill length, and an outlier SNP identified in the EigenGWAS analysis of EV1 (see Results). To test 
whether this overlap was significant, we used a randomisation approach. We created 1000 
randomised datasets, in which we randomly selected a SNP, and we calculated the distance 
between the randomly selected SNP and the closest, genome-wide significant EigenGWAS SNP. 
We repeated this process 1000 times, and therefore generated a distribution of distances. We 
compared the distance of our significant BSLMM SNP and the closest EigenGWAS SNP against 
this distribution of distances in order to generate a one-tailed P value. 
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2.4. Results 
2.4.1. RAD libraries and genome summary 
The three RAD libraries produced 277,627,890 (first), 202,466,438 (second), and 184,660,891 
(third) raw reads with GC contents of 52%, 51% and 50%, respectively. Following filtering, we 
produced six datasets containing between 1,826 and 3,330 polymorphic RAD loci per dataset, 
at a median read depth of between 176 and 198 reads per sample per locus (Table 2.1). 
We created a draft Berthelot’s pipit genome which we used to improve our ability to map RAD 
loci to the zebra finch genome. The pipit genome sequencing run produced 143,415,538 paired 
reads, which were assembled in DISCOVAR de novo (Weisenfeld et al. 2014) to create a draft 
genome of 1,153,192,274 bp, comprising 350,587 contigs, with a contig N50 of 355,835 bp. The 
completeness of the genome, assessed through CEGMA (Parra et al. 2007) and BUSCO (Simão 
et al. 2015), is given in Supplementary Table S2.1. 
 
2.4.2. Genetic diversity and population structure 
We used two measures of nucleotide diversity, πSNP and πRAD, to compare genetic diversity 
between the three separate Berthelot’s pipit archipelagos and tawny pipits (Table 2.2, 
Supplementary Fig. S2.1). In line with expectations based on population sizes, tawny pipits had 
the highest levels of diversity (πSNP = 0.104, πRAD = 0.0049), followed by Berthelot’s pipit 
populations in the Canary Islands (πSNP = 0.012, πRAD = 0.0005), Madeira (πSNP = 0.008, πRAD = 
0.0004), and Selvagens (πSNP = 0.006, πRAD = 0.0003). There was moderate divergence between 
Deserta Grande and the rest of the Madeiran archipelago (see below), however, exclusion of 
Deserta Grande had little impact on measures of diversity (Table 2.2). 
This trend was reflected throughout Berthelot’s pipit archipelagos for linkage disequilibrium (LD; 
Fig. 2.1B). Baseline levels of LD were lowest in the Canary Islands and highest in Selvagens, with 
the rate of decay sharpest in the Canary Islands and shallowest in Selvagens. 
Population admixture analysis (Fig. 2.2A) first separated Madeira from the Canary Islands and 
Selvagens (K = 2) and then into the three archipelagos (K = 3). Further population structuring 
beyond the archipelago level was seen with Deserta Grande diverging from the other islands in 
the Madeiran archipelago (K = 4), and an east–west gradient in admixture across the Canary 
Islands (K = 5; Fig. 2.2A). The most likely number of clusters determined by cross-validation error 
was four (Fig. 2.2B), however similar cross-validation errors were found for K = 3 (0.434), K = 4 
(0.431) and K = 5 (0.433). ADMIXTURE plots for K = 7 to K = 13 are shown in Supplementary Fig. 
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S2.2. We found a moderate signal of isolation by distance within the Canary Island archipelago 
(Mantel test, r = 0.37, P = 0.002; Supplementary Fig. S2.3), although levels of structure within 
the archipelago were generally low (FST < 0.03). 
 
Table 2.2 Nucleotide diversity across groups of Berthelot’s pipits and tawny pipits. Mean and 
bootstrapped 95% confidence intervals for πSNP (per-SNP heterozygosity) and πRAD (nucleotide 
diversity per RAD locus). In addition to archipelago-level grouping in Berthelot’s pipit, this 
analysis was repeated in the Madeiran archipelago with Deserta Grande (DG) analysed 
separately, in line with population structuring identified in ADMIXTURE. 
Dataset Mean πSNP 95% CI πSNP Mean πRAD 95% CI πRAD 
Tawny pipits 0.1043 0.1019-0.1066 0.00488 0.00466-0.00510 
Canary Islands 0.0118 0.0107-0.0128 0.00053 0.00047-0.00059 
Madeira 0.0079 0.0069-0.0090 0.00036 0.00030-0.00043 
Madeira excl. DG 0.0077 0.0066-0.0087 0.00035 0.00029-0.00041 
DG 0.0078 0.0067-0.0089 0.00036 0.00028-0.00042 
Selvagens 0.0058 0.0048-0.0067 0.00027 0.00022-0.00032 
 
2.4.3. Association studies 
Both LMMs and BSLMMs were used to find regions of the genome associated with malaria and 
bill length in the “Canary Islands” dataset, while accounting for population structure. The LMM 
analysis failed to find any SNPs significantly associated with either malaria or bill length when 
using a Bonferroni-corrected significance threshold of P < 1.5 x 10-5; however, Bonferroni 
correction is often overly conservative, inflating the risk of type II errors (Johnson et al. 2010). 
There was strong concordance between LMM P values and BSLMM PIPs for malaria (Pearson’s 
correlation between -log LMM P values and log BSLMM PIPs, r = 0.91, P < 0.0001) and bill length 
(r = 0.91, P < 0.0001). 
In the BSLMM analysis for malaria, a median of 68.4% of phenotypic variation was explained by 
the genotype (95% CI 11.2–99.8%), of which 22.5% was explained by SNPs with non-zero effects, 
but the credible intervals on this estimate were very high (95% CI 0.0–91.3%). Five SNPs were 
found with a PIP > 0.1, after controlling for population structure (Fig. 2.3A). Of these outlier 
SNPs, the top two also had the smallest P values in the LMM (Table 2.3). The strongest 
association was found for a SNP on chromosome 10 (5239s1), approximately 2,000 bp from the 
IL-16 gene. The next strongest association was with a SNP on chromosome 20 (7259s1) situated 
within an intronic region of RIMS4. Both of these SNPs had “A” and “T” alleles. The “AA” and 
“TT” homozygotes were associated with the highest and lowest levels of malaria, respectively, 
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while heterozygotes had intermediate malaria prevalence (Fig. 2.3B). We then examined how 
population-level allele frequencies at these SNPs were related to population-level prevalence of 
malaria. Within the Canary Islands, there was a clear correlation between malaria prevalence 
and allele frequency for SNP 5239s1 (r = -0.76, P = 0.02); however, this pattern was not observed 
when the populations from the bottlenecked northern archipelagos were included (r = -0.35, P 
= 0.25; Fig. 2.3C). Despite showing an individual-level association between malaria prevalence 
and genotype (Fig. 2.3B), the population-level allele frequency at SNP 7259s1 was not 
significantly correlated with malaria infection in either the Canary Islands (r = -0.59; P = 0.09) or 
across all populations (r = -0.50; P = 0.09; Fig. 2.3C). Estimates of FST revealed that patterns of 
structure at both of these SNPs was correlated with genome-wide FST across all Berthelot’s pipit 
populations (partial Mantel tests, 5239s1: r = 0.38, P = 0.0070; 7259s1: r = 0.51; P = 0.0060; Fig. 
2.4A). Outlier FST values were correlated with pairwise geographic distance (5239s1: r = 0.30, P 
= 0.00800; 7259s1: r = 0.36; P = 0.01000; Fig. 2.4B). 
The BSLMM for bill length found that genotype explained a median of 67.9% of phenotypic 
variation (95% CI 14.0–99.7%), with 14.3% explained by SNPs with non-zero effects (although 
again the latter had wide credible intervals; 0.0–85.6%). The strongest association with bill 
length was for a SNP on chromosome 5 (Fig. 2.5A; Table 2.3). At this SNP (8914s1), individual bill 
length decreases with increasing number of copies of the “G” allele, and heterozygotes had 
intermediate bill length (Fig. 2.5B). This region was not associated with tarsus length 
(Supplementary Fig. S2.4A), and there were no SNPs that showed strong associations for both 
bill length and tarsus length (Supplementary Fig. S2.4B). At the population level, mean bill length 
decreases with increasing frequency of the “G” allele at the most significant BSLMM SNP, both 
in the Canary Islands (r = -0.69, P = 0.04), and across all Berthelot’s pipit populations (r = -0.82, 
P = 0.0006; Fig. 2.5C). After controlling for archipelago-level effects, patterns of FST at this SNP 
were strongly correlated with genome-wide FST (r = 0.69, P = 0.0002; Fig. 2.4A), and with 
geographic distance (r = 0.48, P = 0.00080; Fig. 2.4B). 
The BSLMM analyses outlined in the Methods were repeated on the “Berthelot’s” dataset, to 
test for additional power in detecting SNPs associated with bill length and malaria infection with 
a larger sample size. For bill length, a median of 77.6% of phenotypic variation was explained by 
the genotype (95% CI 55.3–98.2%), of which 14.8% was explained by SNPs of non-zero effects 
(95% CI 0.0–91.4%). Associations with malaria infection found a median of 84.0% of variation in 
phenotype explained by genotype (95% CI 43.2–99.9% ), with 23.8% of this explained by SNPs 
of non-zero effects (95% CI 0.0–84.8%). A number of additional outlier SNPs were identified 
(Table 2.4, Fig. 2.6).  
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Figure 2.2 Admixture analysis across populations of Berthelot’s pipits. A) Admixture for K = 2 to 
K = 6 clusters. Vertical bars represent individual pipits, and are coloured by their assignment to 
each one of K clusters. Solid black lines indicate separate populations; dashed black lines indicate 
separate archipelagos. Populations from left to right: Canary Islands – El Hierro (EH), La Palma 
(LP), Gomera (GOM), Teide (TEID), Tenerife (TF), Gran Canaria (GC), Fuerteventura (FV), 
Lanzarote (LZ), Graciosa (GRA); Selvagens – Selvagem Grande (SG); Madeira – Madeira (M), 
Porto Santo (PS), Deserta Grande (DG). B) Cross-validation (CV) error for K = 1 to K = 13 clusters, 
calculated by Admixture analysis of Berthelot’s pipit populations. 
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Figure 2.3 Genetic associations with malaria infection. A) Manhattan plot of BSLMM analysis of 
malaria infection in the Canary Islands. Red line indicates the threshold of posterior inclusion 
probability (PIP) = 0.1. For the top two outlier SNPs: B) the association between genotype and 
the proportion of individuals infected with malaria in the Canary Islands. Numbers above bars 
indicate the number of individuals with each genotype; and C) per-population minor allele 
frequency and the proportion of infected individuals, coloured by archipelago (C = Canary 
Islands, M = Madeira, S = Selvagens). 
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Figure 2.4 The relationship between BSLMM outlier SNP pairwise FST and A) pairwise genome-
wide FST; and B) pairwise geographic distance between all pairs of Berthelot’s pipit populations. 
Point colours and symbols represent pairwise comparisons between the different archipelagos, 
eg. CC = Canary Islands vs. Canary Islands, CM = Canary Islands vs. Madeira, etc. Dashed line in 
A) indicates a 1:1 relationship. 
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Figure 2.5 Genetic associations with bill length and selection across archipelagos. A) Manhattan 
plot of BSLMM analysis of bill length in the Canary Islands. Red line indicates the threshold of 
posterior inclusion probability (PIP) = 0.1. For the top outlier SNP: B) the association between 
genotype and bill length in the Canary Islands. Numbers above box plots indicate the number of 
individuals with each genotype; and C) per-population minor allele frequency and mean bill 
length, coloured by archipelago (C = Canary Islands, M = Madeira, S = Selvagens). D) Manhattan 
plot of EigenGWAS eigenvector 1. Red line indicates the Bonferroni-corrected P value threshold. 
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Table 2.3 Outlier SNPs with PIP > 0.1 in BSLMM analyses for bill length and malaria. The P value 
from the LMM analyses is shown. The nearest gene within 10,000 bp of the SNP is identified. 
Phenotype SNP Locus ID PIP LMM P Position Gene Distance (bp) 
Bill length 8914s1 4494 0.10 0.0005 Chr5:60950937 - - 
Malaria 5239s1 2739 0.22 0.0001 Chr10:12048280 IL-16 2188 
 7259s1 3870 0.21 0.0002 Chr20:6483195 RIMS4 In gene 
 3697s2 4893 0.11 0.002 Chr17:8691633 - - 
 8024s2 4199 0.11 0.002 Chr3:18288583 CNIH4 1964 
 1303s1 632 0.11 0.0008 Chr1A:50095389 CACNA1I In gene 
 
Table 2.4 Outlier SNPs with PIP > 0.1 in BSLMM analyses for bill length and malaria in the 
“Berthelot’s” dataset. The P value from the LMM analyses is shown. The nearest gene within 
10,000 bp of the SNP is identified. 
Phenotype SNP Locus ID PIP LMM P Position Gene Distance (bp) 
Bill length 3916s2 1990 0.40 0.0001 Chr28:3343405 - - 
 176s3 86 0.24 0.0007 Chr21:5714527 PLEKHN1 4828 
 4903s3 2562 0.17 0.001 Chr15:1987982 - - 
 1350s3 656 0.17 0.002 Chr23:1959411 - - 
 6668s3 3542 0.13 0.003 Chr7:38943610 - - 
 3384s3 1679 0.13 0.0005 - - - 
 8914s1 4494 0.12 0.001 Chr5:60950937 - - 
 4605s3 2390 0.12 0.003 Chr4A:18361942 - - 
 8588s1 4410 0.11 0.006 Chr3:35547677 FEZ2 In gene 
 6170s2 3269 0.10 0.005 Chr2:58237321 - - 
Malaria 7259s1 3870 0.49 0.00006 Chr20:6483195 RIMS4 In gene 
 1303s1 632 0.34 0.0002 Chr1A:50095389 CACNA1I In gene 
 370s2 194 0.21 0.002 Chr11:20923524 CDH11 In gene 
 207s3 108 0.19 0.002 Chr24:2861103 TBCEL In gene 
 3431s2 1710 0.18 0.004 Chr21:4658523 - - 
 13s1 5 0.18 0.0008 Chr1:22008821 NLGN4X In gene 
 5239s1 2739 0.17 0.002 Chr10:12048280 IL-16 2188 
 5812s3 3077 0.15 0.001 Chr15:1405244 - - 
 3159s1 1563 0.14 0.002 Chr26:88595 ALX3 6137 
 8626s5 4425 0.13 0.007 Chr7:37287107 - - 
 3087s3 1531 0.12 0.01 ChrZ:49829841 KIF2A In gene 
 8222s3 4253 0.12 0.02 Chr19:10536989 MSI2 In gene 
 3054s3 1514 0.11 0.01 - - - 
 3135s1 1548 0.11 0.007 Chr4:62637967 ZFYVE28 In gene 
 565s1 283 0.10 0.007 Chr5:58806769 ATG14 In gene 
 2824s1 1378 0.10 0.003 Chr4:47092989 SLC30A9 In gene 
 8827s1 4480 0.10 0.01 - - - 
 6877s4 3657 0.10 0.03 Chr27:173314 UBTF 4966 
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Figure 2.6 Genetic associations with malaria and bill length in the “Berthelot’s” dataset. 
Manhattan plots of BSLMM analyses for A) malaria infection and B) bill length across all 
Berthelot’s pipit populations. Red line indicates the threshold of posterior inclusion probability 
(PIP) = 0.1. 
 
2.4.4. Differential selection across archipelagos 
We used EigenGWAS to detect loci putatively under divergent selection between the 
archipelagos in the “Berthelot’s” dataset. The first eigenvector (EV1) separated the Madeiran 
archipelago from the Canary Islands and Selvagens, and the second (EV2) separated Selvagens 
from Madeira and the Canary Islands (Fig. 2.7A). The first two eigenvectors captured a large 
proportion of the genetic variation, with eigenvalues of 31.1 and 14.6, respectively. Both EV1 
and EV2 had considerable genomic inflation factors (26.5 and 9.7, respectively), suggesting high 
levels of population structuring (a genomic inflation factor ≤ 1 indicates no population 
structuring; Hinrichs et al. 2009), so we used the adjusted P values calculated by EigenGWAS 
that use genomic control to account for population structure. 
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Figure 2.7 Selection across archipelagos. A) EigenGWAS eigenvalues along eigenvectors (EV) 1 
and 2. Points represent individual samples, coloured by archipelago. B) Manhattan plot of 
EigenGWAS EV2. Red line indicates the Bonferroni-corrected P value threshold. C) The 
relationship between EigenGWAS P value and FST. In the left-hand plot, per-SNP FST was 
calculated by grouping individuals according to clustering along Eigenvector 1 (Canary Islands 
and Selvagens vs. Madeira), and plotted against each SNP’s respective EigenGWAS P values. 
Likewise, the right-hand plot groups samples in line with Eigenvector 2 clustering: Canary Islands 
and Madeira vs. Selvagens. 
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Table 2.5 Outlier SNPs from Eigenvector 1 of EigenGWAS analysis. The nearest gene within 
10,000 bp of the SNP is identified. 
SNP Locus ID P Position Gene Distance (bp) 
203s1 105 6 x 10-26 Chr27:1229392 MAP3K14 In gene 
7826s2 4142 2 x 10-13 Chr24:1583716 DLAT In gene 
7622s1 4065 1 x 10-11 Chr27:1534267 GPATCH8 965 
5483s1 2876 4 x 10-11 - - - 
8418s1 4348 1 x 10-10 Chr14:7479033 SNX29 In gene 
2982s2 1469 2 x 10-10 - - - 
2041s1 997 1 x 10-9 - - - 
174s1 85 2 x 10-8 Chr27:1376142 MYO1D In gene 
5752s1 3039 3 x 10-8 Chr3:105320550 - - 
8322s2 4296 5 x 10-8 Chr5:58018667 AP5M1 2868 
7216s3 3844 7 x 10-8 - - - 
4131s1 2115 9 x 10-8 Chr20:15447166 PREX1 In gene 
2473s1 1217 1 x 10-7 Chr20:15293405 CSE1L In gene 
6932s2 3689 1 x 10-7 Chr3:96985953 - - 
7180s1 3825 2 x 10-7 Chr4A:5912527 - - 
1728s2 849 6 x 10-7 - - - 
6765s1 3602 7 x 10-7 Chr4A:6655419 VSIG4 In gene 
4138s2 2120 2 x 10-6 Chr20:3241763 GSS 4 
1723s1 846 2 x 10-6 Chr12:3914968 - - 
1541s1 760 6 x 10-6 Chr2:25304006 VPS50 In gene 
2273s1 1117 1 x 10-5 Chr1A:56816580 - - 
 
 
Using a Bonferroni-corrected P < 1.8 x 10-5, we detected signatures of selection in EV1 at 21 
SNPs, 16 of which could be mapped to the zebra finch genome (Fig. 2.5D; Table 2.5). A larger 
number of outliers was found along EV2, with 44 outlier SNPs (33 mapped) between Selvagens 
and the other archipelagos (Fig. 2.7B; Table 2.6). A comparison of EigenGWAS P values and FST 
between eigenvector clusters shows that highly significant EigenGWAS SNPs always had high 
FST, whereas a substantial number of SNPs with high FST were nonsignificant in the EigenGWAS 
analysis (Fig. 2.7C). 
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Table 2.6 Outlier SNPs from Eigenvector 2 of EigenGWAS analysis. The nearest gene within 
10,000 bp of the SNP is identified. 
SNP Locus ID P Position Gene Distance (bp) 
1797s2 876 2 x 10-18 Chr4:31559634 KLHL2 4598 
5631s2 2968 5 x 10-16 Chr26:543144 - - 
6982s1 3720 6 x 10-14 Chr2:7119859 GALNT11 1932 
4533s3 2343 1 x 10-13 - - - 
3167s2 1566 2 x 10-13 Chr14:5894626 - - 
2736s1 1338 7 x 10-13 Chr26:1268116 SRGAP2 In gene 
1561s1 769 2 x 10-12 Chr2:10208736 - - 
2882s2 1410 6 x 10-12 Chr1A:43132973 - - 
134s2 63 2 x 10-11 - - - 
6166s3 3266 3 x 10-11 Chr12:20586177 - - 
2242s2 1103 3 x 10-11 Chr2:5580203 CSRNP1 3640 
8568s1 4404 1 x 10-9 Chr1:15057899 PDHA1 5737 
4367s1 2248 4 x 10-9 - - - 
1161s1 563 1 x 10-8 Chr4:25601155 CENPC 9325 
2378s1 1165 1 x 10-8 Chr8:11503072 - - 
1024s1 499 1 x 10-8 Chr3:98902195 YWHAQ 7233 
4207s1 2163 3 x 10-8 Chr1A:15105641 CELSRI In gene 
7258s2 3869 3 x 10-8 Chr6:29212571 - - 
1182s1 575 5 x 10-8 Chr2:93593389 ELP2 In gene 
6566s1 3483 7 x 10-8 Chr3:95993765 - - 
7247s1 3863 1 x 10-7 Chr8:6825755 - - 
7509s6 3997 2 x 10-7 Chr14:9421638 ZNF598 2844 
5744s3 3034 3 x 10-7 Chr5:51616700 - - 
980s3 477 3 x 10-7 Chr18:4947869 SHISA6 In gene 
3618s1 1820 3 x 10-7 - - - 
8383s2 4328 4 x 10-7 Chr13:6606756 SLC7A1 1796 
3705s2 1867 4 x 10-7 - - - 
3722s1 1877 4 x 10-7 Chr25:1124724 VPS45 262 
319s1 166 7 x 10-7 Chr12:17793212 - - 
3519s2 1766 8 x 10-7 - - - 
3776s1 1910 1 x 10-6 Chr11:13227522 - - 
7560s2 4029 1 x 10-6 Chr3:97076767 - - 
3764s1 1902 2 x 10-6 Chr1:39521212 CLYBL In gene 
5439s5 2850 2 x 10-6 Chr10:8024182 WDR72 8811 
9140s1 4529 3 x 10-6 - - - 
8261s3 4270 3 x 10-6 - - - 
6760s2 3598 3 x 10-6 - - - 
2480s1 1223 5 x 10-6 Chr13:14913074 SLIT3 In gene 
87s1 41 6 x 10-6 - - - 
543s1 273 7 x 10-6 Chr4A:4170899 DACH2 In gene 
5753s2 3040 8 x 10-6 Chr2:31080579 CNTNAP2 In gene 
647s1 318 1 x 10-5 Chr15:9293017 MED13L In gene 
1609s2 790 2 x 10-5 Chr24:718434 - - 
194s1 99 2 x 10-5 - - - 
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Figure 2.8 Outlier SNPs from BLSMM and EigenGWAS analyses. A) Zoomed in region of interest 
on Chromosome 5. Top panel: chromosome locations and posterior inclusion probabilities (PIP) 
for SNPs in the BSLMM bill length analysis in the “Canary Islands” dataset. Red line indicates PIP 
threshold of 0.1. Bottom panel: SNP chromosome locations and EigenGWAS Eigenvector 1 P 
values. Red line indicates Bonferroni-corrected P value threshold. Grey rectangles show location 
of genes within this region, with OTX2 and BMP4 labelled. B) Individual observed heterozygosity 
averaged across SNPs taken from EigenGWAS outliers (candidate regions – see main text) versus 
the rest of the genome (non-candidate regions). C) Linkage disequilibrium between all pairs of 
outlier SNPs from EigenGWAS Eigenvector 1 and malaria BSLMM analysis. Measures of LD for 
both sets of SNPs were calculated using the “Berthelot’s” dataset. 
 
None of the candidate SNPs identified in the BSLMM analyses were identified as outliers in the 
EigenGWAS analysis. An outlier SNP in the EigenGWAS analysis of EV1 was located close to the 
region on chromosome 5 that showed an association with bill length (Fig. 2.5). However, closer 
inspection of the region revealed that the most significant SNP was 2,932,270 bp from the most 
significant BSLMM SNP (Fig. 2.8A), which was not closer than expected by chance 
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(randomisation test, P = 0.1). A second SNP in the region also had an elevated (but not 
significant) PIP value in the BSLMM analysis and was much closer to the significant EigenGWAS 
candidate SNP (444,885 bp; Fig. 2.8A; P < 0.001). The regions identified in the BSLMM for 
association with malaria did not show signs of divergent selection between the archipelagos. 
 
2.5. Discussion 
Using RAD sequencing, we examined fine-scale population structure among Berthelot’s pipit 
populations, finding within-archipelago genetic structuring between island populations, as well 
as confirming the previously detected patterns of among-archipelago variation. After controlling 
for demographic history, we identified candidate SNPs associated with the ecologically 
important traits of bill length and malaria resistance. Examining allele frequency variation at 
candidate SNPs revealed that: i) population-level candidate SNP variation was related to 
population-level trait variation for bill length both within the founder Canary Islands archipelago 
and throughout all archipelagos, but only within the Canary Islands for malaria; and, ii) candidate 
SNP variation was correlated with genome-wide variation. Finally, although we found little 
evidence for selection on bill length or malaria resistance, we found signatures of divergent 
selection between the archipelagos across the genome, including at genes involved in 
metabolism and immune function. 
Comparisons of genome-wide diversity in Berthelot’s and tawny pipits provided support for 
previous inferences of colonisation history from microsatellites and mitochondrial DNA (Illera et 
al. 2007; Spurgin et al. 2014). The past colonisation history and associated bottlenecks are 
reflected in linkage disequilibrium within the archipelagos, indicating a larger, more outbred 
population in the Canary Islands, compared with smaller, more inbred populations in Madeira 
and Selvagens. This is in concordance with previous estimations of effective population size 
using approximate Bayesian Computation, which predicted contemporary effective population 
sizes of ca. 4000, 3000 and 400 individuals for the Canary Islands, Madeira, and Selvagens, 
respectively (Spurgin et al. 2014). Using population admixture analysis, we were able to further 
describe population structure: Deserta Grande diverged from the rest of the Madeiran 
archipelago, possibly suggesting a further bottleneck on Deserta Grande. We also detected a 
weak east–west gradient in population structure within the Canary Islands, which was supported 
by the finding of isolation-by-distance throughout this archipelago. 
We next aimed to identify the genetic regions associated with bill length and pathogen 
resistance — two traits of major evolutionary importance (Smith et al. 1995; Daszak 2000; Grant 
& Grant 2006). The high level of LD relative to outbred populations (e.g. Kardos et al. 2016) has 
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enabled us to detect associations with these two polygenic traits in Berthelot’s pipit, with a 
modest number of markers. The strongest association with bill length was found at a SNP in a 
region on chromosome 5. This SNP (8914s1) is not located within a gene, which is perhaps not 
surprising, given i) the density of our marker set, and ii) the fact that many SNPs associated with 
polygenic traits are located in regulatory regions (Maurano et al. 2012). The wider region 
surrounding SNP 8914s1 and a significant EigenGWAS SNP (see below) contains, among others, 
the genes BMP4 and OTX2. BMP4 is a clear candidate for involvement in bill morphology, as 
studies in Darwin’s finches, chickens and ducks have experimentally demonstrated its role in 
beak development (Abzhanov et al. 2004; Wu et al. 2004). OTX2 plays a crucial role in 
craniofacial development across jawed vertebrates (Kimura et al. 1997), and mutations in this 
gene and structural variants within the wider genomic region have been linked with craniofacial 
abnormalities in mice and humans (Hide et al. 2002; Zielinski et al. 2014). While BMP4 and OTX2 
are good candidates, we stress that further work is required to identify which specific genes 
affect variation in bill length. Further, bill length is almost certainly a polygenic trait (e.g. 
Abzhanov et al. 2006; Lamichhaney et al. 2015, 2016), and many causative loci have likely gone 
undetected in this study. 
There are now several examples linking variation at avian bills, at both the genetic and 
phenotypic levels, which have shown natural selection to be the primary driver of bill shape 
variation (Lamichhaney et al. 2015; Bosse et al. 2017). Here we revealed a striking relationship 
between genetic variation at our candidate bill-length SNP 8914s1, and population-level 
variation in bill length; the long-bill allele identified using birds from the Canary Islands is at near 
fixation in the Madeiran Islands, where birds have the longest bills (Fig. 2.5C). We then found 
that variation at SNP 8914s1 was correlated with genome-wide variation among populations 
(Fig. 2.4), with the lowest levels of diversity in the bottlenecked Madeiran and Selvagens 
populations (Fig. 2.5C). Combined with the finding that SNP 8914s1 was not identified in the 
EigenGWAS analysis, this suggests that founder effects are likely to have played a major role in 
shaping bill length variation among Berthelot’s pipit populations. This is consistent with our 
previous phenotypic work on this species (Spurgin et al. 2014), but only now have we been able 
to show how founder effects simultaneously affect phenotypes and underlying genotypes — 
indeed, very few studies have done so. 
Despite a clear role for founder effects in shaping bill length variation, we did find that genetic 
structuring at SNP 8914s1 was higher than the genome-wide average, particularly across the 
Canarian and Madeiran archipelagos (Fig. 2.4). We also detected an EigenGWAS outlier SNP 
(8322s2) putatively under divergent selection within the wider BMP4/OTX2 bill-length candidate 
region (Fig. 2.8A). Furthermore, we might not expect to be able to identify genotype–phenotype 
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associations at SNPs under strongest divergent selection, as these are expected to have low 
variability within populations (indeed this is the case in our data — Fig. 2.8B) and detecting rare 
genetic variants associated with phenotypes is very difficult (Li & Leal 2008). Thus, while the 
majority of observed bill length variation among archipelagos can be explained by neutral forces, 
we cannot rule out that selection has occurred for longer bills in Madeira (or shorter bills in 
southerly populations). Further research is required to identify whether selection has played any 
role in shaping beak morphology, and the underlying genetic variants associated with this key 
ecological trait. 
Malaria can act as a strong selective force (Warner 1968; Van Riper et al. 1986; Ortego et al. 
2008; Knowles et al. 2010), and drive the evolution of increased tolerance to infection (Atkinson 
et al. 2013). Genotypic associations with malaria infection in individual Berthelot’s pipits 
revealed two outlier SNPs with high levels of significance (Table 2.3). The first of these was on 
chromosome 10, approximately 2,000 bp from IL-16. This gene encodes a pro-inflammatory 
cytokine that has been implicated in susceptibility to various inflammatory disorders (Gao et al. 
2009; Wu et al. 2011), and interacts with other cytokines that are associated with malaria 
infection (Kern et al. 1989; Mathy et al. 2000; Lyke et al. 2004). The second outlier SNP was 
found on chromosome 20, within RIMS4. Research on this gene is lacking, though it has been 
found to be overexpressed in breast cancer tumour cells (Abba et al. 2005). 
Examining allele frequency variation at the malaria resistance candidate SNPs revealed a 
complex set of relationships. Despite finding a clear relationship of malaria infection with both 
individual- and population-level SNP variation in the Canary Islands, this pattern did not hold 
when the Madeiran and Selvagens archipelagos were included (Fig. 2.3). Further, our 
EigenGWAS analysis did not detect signatures of divergent selection between archipelagos in 
the regions surrounding the malaria candidates RIMS4 or IL-16. In contrast to bill length, which 
seems more likely to have a conserved genetic architecture, resistance to malaria is probably a 
rapidly evolving trait, and candidate-gene studies have shown that different alleles can be 
associated with malaria infection among different populations (Bonneaud et al. 2006). Variation 
at both malaria candidate SNPs was correlated with genome-wide variation (Fig. 2.4) and likely 
to be shaped by founder effects. However, our study suggests that, because the genetic basis of 
malaria resistance is likely to vary among populations (as expected with rapid host–pathogen 
coevolution, Slade & McCallum 1992), there is unlikely to be a simple relationship between 
resistance to malaria infection and population demography in wild populations. 
Any analyses that requires high genotyping accuracy at individual loci, such as our BSLMM and 
EigenGWAS analyses, are susceptible to erroneous results due to PCR duplicates (Andrews et al. 
2016). However, in our case PCR duplicates are likely to make our analyses more conservative. 
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For the BSLMM analyses, PCR duplicates will be random with respect to bill length or malaria 
infection status, so if anything they would obscure relationships between genotype and 
phenotype. A greater possibility is that PCR duplicates may generate false signatures of 
divergent selection. However, the high levels of LD between all of our candidate SNPs from the 
EigenGWAS analysis suggest a highly correlated, non-random pattern of evolution. It is therefore 
unlikely that PCR duplicates have introduced a systematic bias into our results. 
The EigenGWAS analysis detected putative signatures of selection among the archipelagos at a 
number of locations around the genome (Table 2.5). The significant EigenGWAS SNPs were all 
in high LD with one another (Fig. 2.8C), suggesting that these sites have evolved non-
independently. Also important to note is that many of these SNPs are not situated close to 
candidate genes. Some of these could be situated close to features such as trans-regulatory 
elements or structural variants (Yvert et al. 2003; Manolio et al. 2009), or could be false positives 
that have arisen as a result of population bottlenecks (Akey et al. 2004). Our analyses suggest 
that the EigenGWAS analysis was more conservative than a simple FST-based approach to 
detecting selection, with numerous FST outliers having non-significant EigenGWAS P values after 
employing a genomic control (Fig. 2.7). This is in contrast to other studies which have shown 
almost perfect correlations between FST and EigenGWAS P values (Chen et al. 2016; Bosse et al. 
2017), and suggests that EigenGWAS may be more conservative when levels of drift are high. 
However, it is unlikely that all false positives are accounted for, and further research is now 
needed to understand how EigenGWAS performs in bottlenecked populations. 
Confounding effects of bottlenecks aside, a substantial number of our SNPs identified in the 
EigenGWAS analyses are likely to be “true” positives, suggesting that traits other than bill length 
and malaria resistance may have been under selection among archipelagos. We identified SNPs 
located within loci involved in immune function (e.g. PREX1, Welch et al. 2005; MAP3K14, Thu 
& Richmond 2010), or with potential to enable adaptation to climate (e.g. DLAT, Blier & Guderley 
1993; SNX29, Sung et al. 2016). These findings are reflected in other studies that utilise genome 
scans to detect signatures of selection. Adaptation to toxic food sources in an isolated 
population of Drosophila yakuba was detected in a genome scan between island and mainland 
populations (Yassin et al. 2016). Divergent selection for pathogen-resistance candidate genes 
has been found in Daphnia (Bourgeois et al. 2017) and across a bank vole range expansion 
(White et al. 2013), and pathogens were the strongest selective pressure identified in human 
evolutionary history (Fumagalli et al. 2011). Likewise, signatures of divergent selection have 
been detected for genes related to metabolic processes along latitudinal gradients in numerous 
species (Sezgin et al. 2004; Hancock et al. 2011; Pujolar et al. 2014). This suggests that there 
may be general patterns in the types of genes that show divergence between populations, with 
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similar processes of adaptation across species. Future studies investigating links between 
genotypes under selection and ecologically important phenotypic traits will provide further 
support for the role of adaptation in driving patterns of biodiversity. 
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2.7. Supplementary Material 
Supplementary Table S2.1 CEGMA and BUSCO results for the Berthelot’s pipit genome 
assembly. 
CEGMA  BUSCO vertebrate genes 
Complete Partial 
 Complete   
single-copy 
Complete 
duplicated Fragmented Missing 
152 
(61%) 
224 
(90%) 
 1944 
(64%) 
21 
(0.6%) 
476 
(15%) 
603 
(19%) 
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Supplementary Figure S2.1 Nucleotide diversity in Tawny pipits and Berthelot’s pipit 
archipelagos. Histograms showing the distributions of πSNP (top two rows) πRAD (bottom two 
rows) in each group. As Admixture analysis demonstrated moderate population structuring 
within the Madeiran archipelago (Fig. 2.2A), πSNP and πRAD have been calculated for all islands in 
the Madeiran archipelago, and additionally separating the more divergent population, Deserta 
Grande (DG), from Madeira and Porto Santo. 
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Supplementary Figure S2.2 Admixture analysis at K = 7 to K = 13 clusters for Berthelot’s pipit. 
Vertical bars represent individual pipits, and are coloured by their assignment to each one of K 
clusters. Solid black lines indicate separate populations; dashed black lines indicate separate 
archipelagos. Populations from left to right: Canary Islands – El Hierro (EH), La Palma (LP), 
Gomera (GOM), Teide (TEID), Tenerife (TF), Gran Canaria (GC), Fuerteventura (FV), Lanzarote 
(LZ), Graciosa (GRA); Selvagens – Selvagem Grande (SG); Madeira – Madeira (M), Porto Santo 
(PS), Deserta Grande (DG). 
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Supplementary Figure S2.3 Pairwise genetic distance in relation to geographical distance across 
Berthelot’s pipit populations in the Canary Islands. 
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Supplementary Figure S2.4 Genetic associations with tarsus length. A) Manhattan plot of 
BSLMM analysis of tarsus length in the Canary Islands. Red line indicates the threshold of 
posterior inclusion probability (PIP) = 0.1. B) Tarsus length PIP values plotted against bill length 
PIP values demonstrate a lack of overlap between outlier SNPs. 
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Chapter 3. Genetic drift outweighs selection to 
shape AvBD diversity in a bottlenecked island bird 
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3.1. Abstract 
Population bottlenecks are often associated with the loss of genetic diversity by drift. Low 
immunogenetic diversity may have negative effects on population persistence, though 
processes such as pathogen-mediated balancing selection may act to maintain genetic diversity 
at these loci in the face of bottlenecks. We investigated variation at a family of innate immune 
genes, the avian β-defensins, in the Berthelot’s pipit Anthus berthelotii. This endemic island bird 
has undergone successive bottlenecks throughout its colonisation history, resulting in 
reductions in neutral genetic diversity. Comparisons between archipelago populations with 
different severities of bottlenecks, and with the widespread mainland sister species, the tawny 
pipit Anthus campestris, demonstrate a greater loss of allelic and amino acid variation with 
increasing numbers of bottlenecks. We did not find direct evidence of balancing selection at the 
AvBD loci in the Berthelot’s pipit. However, elevated levels of nucleotide diversity existed at 
some AvBD loci relative to that observed at genome-wide RAD sequencing loci, probably as a 
result of past balancing selection on AvBD loci in the ancestral mainland population. In support 
of this, we found evidence of balancing selection in the tawny pipits at AvBD2. This balancing 
selection may explain the relatively even frequency of the two functional AvBD2 alleles in the 
Canary Islands populations of Berthelot’s pipits, which may, in turn, explain why these alleles 
were not lost during the severe bottlenecks associated with the colonisation of the Maderian 
and Selvagens archipelagos. FST was often higher at AvBD loci than at RAD loci; while this could 
suggest population divergence driven by local adaptation, we found no evidence of divergent 
selection between the archipelagos. Instead, these findings suggest that drift is the predominant 
force driving AvBD variation in this species, leading to low functional variation at these 
immunogenetic loci. This may have deleterious consequences for the survival of Berthelot’s pipit 
populations if they are challenged by novel pathogens in the future. 
 
3.2. Introduction 
Genetic variation is fundamental to adaptive evolution, providing the raw material on which 
selection can act. However, genetic drift, which is especially strong in small populations, can 
erode genetic diversity at adaptive loci (Wright 1931; Bollmer et al. 2011; Grueber et al. 2013). 
Populations that have experienced bottlenecks may, therefore, suffer reductions in genetic 
diversity, which may have detrimental impacts on population persistence and adaptive potential 
(Lande 1988; Frankham et al. 1999; Reed & Frankham 2003). Genetic diversity can also be lost 
due to the actions of purifying or strong directional selection (Jiggins & Hurst 2003; Winternitz 
& Wares 2013). However, if loci are subject to balancing selection— where the maintenance of 
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multiple genetic variants at intermediate frequencies is favoured—genetic diversity can 
potentially be preserved through a bottleneck (Aguilar et al. 2004; Gos et al. 2012; Oliver & 
Piertney 2012). Understanding how genetic drift and selection interact to shape genetic diversity 
in small populations is therefore important for our understanding of evolution, and also of 
onsiderable conservation interest. 
Pathogen-mediated balancing selection is thought to be responsible for maintaining the high 
levels of variation observed at many genes of the immune system, because elevated 
immunogenetic variation allows hosts to defend themselves against a diverse and rapidly-
evolving pathogen community (Gaudieri et al. 2000; Waterhouse et al. 2007; Spurgin & 
Richardson 2010; Alcaide et al. 2014). Disentangling the processes that maintain immunogenetic 
variation is of importance, as it has direct implications for understanding host-pathogen 
coevolution, wildlife disease and epidemiology. Furthermore, immune genes represent an 
interesting model for investigating the more general question of how selection may maintain 
genetic variation in natural populations (Turner et al. 2012; Arbanasić et al. 2014; Caseys et al. 
2015), including populations that have undergone bottlenecks (Aguilar et al. 2004; Oliver & 
Piertney 2012; Grueber et al. 2015). Understanding the mechanisms that maintain such 
variation also has important conservation implications for declining populations with high 
disease risk (Acevedo-Whitehouse & Cunningham 2006). 
Pathogen-mediated selection has been widely studied using the major histocompatibility 
complex (MHC), a group of genes which play an essential role in pathogen recognition in the 
adaptive immune system (Sommer 2005; Piertney & Oliver 2006; Eizaguirre & Lenz 2010; 
Spurgin & Richardson 2010). However, characterising patterns of variation, and the underlying 
evolutionary forces maintaining diversity at the MHC, is difficult. This is because MHC loci are 
characterized by extraordinarily high levels of inter- and intra-locus levels of diversity, shaped 
by multiple, complex and interacting mutational and evolutionary processes other than 
selection, including gene duplication (Jeffery & Bangham 2000; Hess & Edwards 2002), gene 
conversion (Ohta 1995; Spurgin et al. 2011), epistasis, and mutational load (Van Oosterhout 
2009). In addition, MHC-based sexual selection may act on top of pathogen-mediated selection 
(Richardson et al. 2005; Milinski 2006; Eizaguirre et al. 2009; Brouwer et al. 2010) and lead to 
escalated levels of MHC diversity (Ejsmond et al. 2014). Therefore, MHC genes may be 
exceptional and not representative of the processes that happen across other immune genes. 
Attention is increasingly focused on understanding the drivers of variation in genes involved in 
innate immunity—the first line of defence against infection in plants and animals, and an 
evolutionarily important component of host immunity (Akira et al. 2006; Jones & Dangl 2006). 
Antimicrobial peptides are an ancient element of the innate immune system, found in all known 
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species (Hancock & Diamond 2000). These short (12–50 amino acids) cationic peptides are able 
to directly kill microbes by disrupting phospholipid membranes and intracellular structures 
(Zasloff 2002; Yeaman & Yount 2003). In plants, animals and fungi, antimicrobial peptides 
provide broad defence against bacteria, viruses, fungi and protozoa (Zasloff 2002; Ageitos et al. 
2017), and play additional roles in inflammation, chemo-attraction of leukocytes and wound 
healing (Brown & Hancock 2006; Lai & Gallo 2009; Mangoni et al. 2016). Defensins are a specific 
type of antimicrobial peptide characterised by a structure of six (animals) or eight (plants) 
disulphide-linked cysteine residues (Garcia-Olmedo et al. 1998; Lehrer & Ganz 2002; Froy & 
Gurevitz 2003), which in vertebrates are grouped into the α-, β-, and θ-defensin gene families. 
Lineage-specific gene duplication followed by divergence of paralogs through positive selection 
on the mature peptide has been prevalent throughout vertebrate defensin evolution (Semple 
et al. 2006; Hellgren & Ekblom 2010; Cheng et al. 2014; Jones et al. 2017; Tang et al. 2018). 
Substitutions which change the net charge or hydrophobicity of the mature peptide can alter 
antimicrobial activity (Antcheva et al. 2004; Klüver et al. 2005; Higgs et al. 2007; Yang et al. 
2017), suggesting that constantly evolving pathogen communities may be driving selection for 
diverse defensin repertoires. 
Gene duplications in the avian β-defensins (AvBDs) have given rise to various numbers of loci 
across different avian lineages: 14 AvBDs exist in the chicken Gallus gallus (Xiao et al. 2004), with 
16, 19, 22, and 30 AvBDs in the golden pheasant Chrysolophus pictus, mallard Anas 
platyrhynchos, zebra finch Taeniopygia guttata, and hwamei Garrulax canorus, respectively 
(Hellgren & Ekblom 2010; Huang et al. 2013; Chen et al. 2015). Within individual AvBDs purifying 
selection appears to maintain a conserved overall protein structure, but positive and balancing 
selection have been detected at particular amino acid positions within the mature peptide 
domain (Hellgren & Ekblom 2010; Cheng et al. 2015; Chapman et al. 2016), the region of the 
defensin which directly interacts with pathogens. Characterisation of AvBDs within populations 
has detected allelic variation at a number of loci (eg. Hellgren et al. 2010; Hellgren & Sheldon 
2011; Hellgren 2015; Chapman et al. 2016; Gilroy et al. 2016; Schmitt et al. 2017b). Furthermore, 
antimicrobial activity has been shown to vary between amino acid variants of AvBD loci found 
in wild populations (Hellgren et al. 2010; Cadwell et al. 2017; Schmitt et al. 2017a). Trans-species 
polymorphisms of amino acid sequences have been found in AvBD loci (Hellgren & Sheldon 
2011; Chapman et al. 2016), suggesting that functional variation can be maintained over large 
temporal scales. Together, these findings indicate that selection may be acting to increase 
within-AvBD diversity, in addition to creating diversity through gene duplication. It is therefore 
possible that selection may counteract genetic drift to maintain adaptive variation at AvBD loci 
through a population bottleneck. 
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Berthelot’s pipit Anthus berthelotii is a passerine bird endemic to the Macaronesian archipelagos 
of the Canary Islands, Madeira and Selvagens, in the north Atlantic. This species colonised the 
Canary Islands from Africa, where it diverged from its mainland sister species, the tawny pipit 
Anthus campestris ca. 2.5 million years ago (Voelker 1999), accompanied by reductions in 
genetic diversity (Armstrong et al. 2018). More severe bottlenecks associated losses of genome-
wide diversity occurred during the separate northward colonisations of Berthelot’s pipits to 
Madeira and Selvagens from the Canary Islands, ca. 8500 years ago (Spurgin et al. 2014; 
Armstrong et al. 2018). Diversity at both the MHC and toll-like receptors (TLRs; pathogen-
recognition genes of the innate immune system) was found to decrease significantly during 
these bottlenecks, although new MHC variants appear to have been rapidly regenerated 
through gene conversion (Spurgin et al. 2011), and some functional variation has been 
maintained at TLR loci (González-Quevedo et al. 2015). Pathogen community composition and 
infection rates are spatially varied throughout this species (Illera et al. 2008; Spurgin et al. 2012; 
González-Quevedo et al. 2014), potentially facilitating balancing selection through spatial 
variation in pathogen-mediated selection. Therefore, this is an excellent system in which to 
investigate the forces acting upon, and the resulting patterns of, functional genetic diversity 
across bottlenecked populations. 
In this study, our aims were as follows: 1) to characterise genetic variation at AvBD loci in 
Berthelot’s pipit and its sister species, the tawny pipit, and look for potential signatures of 
balancing selection maintaining genetic variation; 2) to compare genetic diversity at AvBDs with 
genome-wide measures of neutral variation to assess whether adaptive variation at AvBD loci is 
maintained through bottlenecks, and; 3) to test for signatures of divergent selection at AvBD 
loci between the different archipelagos inhabited by Berthelot’s pipit, indicative of divergent 
local adaptation acting upon AvBDs. We will discuss these results in the context of the evolution 
of AvBDs, and of the general processes acting to retain genetic variation in small and 
bottlenecked populations. 
 
3.3. Methods 
3.3.1. Sample collection 
Berthelot’s pipits were sampled on 12 islands throughout their range (Fig. 3.1), across three 
archipelagos: the Canary Islands (Graciosa, Lanzarote, Fuerteventura, Gran Canaria, Tenerife, La 
Gomera, La Palma, El Hierro); Selvagens (Selvagem Grande); and Madeira (Madeira, Porto Santo, 
Deserta Grande). As reported by Illera et al. (2007), Spurgin et al. (2012) and González-Quevedo 
et al. (2014), samples were collected in April 2005 (Selvagens), January–March 2006 (Canary 
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Islands), September 2006 (Madeiran archipelago), January–April 2009 (all islands), and January–
April 2011 (Tenerife). Berthelot’s pipits collected on Tenerife from the alpine plateau of El Teide 
at altitudes > 2000 m were characterised as a separate population to coastal lowland pipits. 
Birds were caught in spring traps baited with Tenebrio molitor larvae. Blood samples (ca. 50 μl) 
were collected by brachial venipuncture and stored in 100% ethanol in screw-top eppendorf 
tubes at room temperature. Tawny pipit samples were obtained from Spain, Morocco and 
Mauritania following the same procedure. DNA was extracted from blood samples using a salt 
extraction technique (Richardson et al. 2001). We confirmed the quality of the extractions by 
visualising the genomic DNA after electrophoresis on 1% agarose gels containing ethidium 
bromide, and confirmed that the DNA was amplifiable by performing a sexing PCR using the 
primers and conditions described in Griffiths et al. (1998). 
 
 
Figure 3.1 Map of Berthelot’s pipit and tawny pipit sample locations. Berthelot’s pipits were 
sampled from the Canary Islands (EH = El Hierro, LP = La Palma, GOM = La Gomera, TF = Tenerife, 
TEID = El Teide, GC = Gran Canaria, FV = Fuerteventura, LZ = Lanzarote, GRA = Graciosa), 
Selvagens (SG = Selvagem Grande) and Madeira (M = Madeira, PS = Porto Santo, DG = Deserta 
Grande). All populations were included in the preliminary study; islands denoted with * and 
shaded grey were used for further sequencing. Tawny pipits were sampled in Spain, Morocco 
and Mauritania. 
 
3.3.2. Preliminary AvBD study 
A preliminary study was carried out to screen AvBD loci for the presence of polymorphisms. We 
used primers described by Hellgren & Sheldon (2011) to amplify AvBD2, 4 and 7–13 in 15 
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(AvBD2, 10–13) or 20 (AvBD4, 7–9) Berthelot’s pipits. To cover the geographic range of the 
species, 1–4 samples were selected per population (Supplementary Table S3.1). In addition, we 
amplified each locus in 12 tawny pipit samples (from Spain n = 6; Mauritania n = 4; Morocco n = 
2). DNA was amplified using 5 μl TopTaq Master Mix (Quiagen), 2 μl H2O, 0.5 μl each of the 
forward and reverse primers at 10 μM, and 1 μl genomic DNA (ca. 30 ng/μl). Annealing 
temperatures were either 55°C (AvBD10 Berthelot’s pipits; AvBD13 tawny pipits), 61°C (AvBD7–
8 and 11), 63°C (AvBD13 Berthelot’s pipits; AvBD10 tawny pipits) or 65°C (AvBD4 and 9). The 
following thermal profile was used: 94°C for 5 minutes; 35 cycles of 94°C for 30 seconds, 
annealing with the above temperatures for 30 seconds, 72°C for 45 seconds; 72°C for 10 
minutes. 5 μl PCR product was cleaned with 0.1 μl ExoI, 0.2 μl FastAP (Thermo Scientific) and 4.7 
μl H2O at 37°C for 15 minutes and 85°C for 15 minutes, then sequenced with Sanger sequencing. 
SNPs were called through visual assessment of chromatograms in FinchTV 
(www.geospiza.com/finchtv), and accepted if they were confirmed across multiple PCRs in 
multiple individuals. 
 
3.3.3. AvBD primer design and additional sequencing 
A number of the primers designed by Hellgren & Sheldon (2011) are positioned within the coding 
sequence for the AvBD mature peptide, preventing sequencing of the full gene. We therefore 
designed new primers to capture the complete mature peptide for loci which initial tests showed 
variation existed in Berthelot’s pipits (AvBD8, 10, 11), and for loci which failed to amplify with 
the initial primers (AvBD2, 12; see Results). For each of our selected AvBD loci, we downloaded 
zebra finch mRNA sequences published in Hellgren & Ekblom (2010) from Genbank, and used 
the amino acid sequence alignments in Hellgren & Ekblom (2010) to trim sequences to the 
mature peptide. We then searched for these sequences in the NCBI BLAST database of whole-
genome shotgun contigs, to obtain sequences spanning either side of the mature peptide region 
from a range of passerines with the best matches to the zebra finch sequence (Supplementary 
Table S3.2). Alignments for each locus were created in BioEdit v7.2.5 (Hall 1999). We visually 
inspected aligned sequences to find regions which showed high levels of sequence conservation 
across passerines. Primers were then designed within these regions, using the sequence from 
zebra finch or Atlantic canary, which had the lowest divergence times from Berthelot’s pipit 
(determined using www.timetree.org; Supplementary Table S3.2). We used a combination of 
PerlPrimer v1.1.21 (Marshall 2004) and Primer3 (Rozen & Skaletsky 1999) to design primers with 
compatible melting temperatures and low dimerisation. We tested for primer specificity with 
NCBI Primer-BLAST (Ye et al. 2012) and accepted primer pairs that gave only the correct BLAST 
hit per species. Primers were tested on DNA samples that had previously successfully amplified 
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AvBD loci with existing primers (Hellgren & Sheldon 2011), using the same PCR conditions and 
sequencing protocols as above. For AvBD10 and 11, it was possible to sequence the entire 
mature peptide using just the forward primer. Final primer pairs, annealing temperatures and 
sequencing directions for each locus are given in Table 3.1. 
 
Table 3.1 Details of new AvBD primer pairs. Primers designed by Hellgren & Sheldon (2011) are 
indicated by * following the primer name. Annealing temperatures (Ta °C) are given for 
Berthelot’s pipit (first) and tawny pipit (second). Amplicon length (AL) includes primer 
sequences. Mature peptide length (MPL) is the length of the amplicon trimmed to the mature 
peptide sequence. Sequencing direction (Dir) required to achieve 100% coverage of the mature 
peptide is either forward (F) or forward and reverse (F&R). 
Locus Primer Sequence Ta °C AL (bp) MPL (bp) Dir 
AvBD2 AvBD2F2mat* TCA TTG CAG GTT TGT CTT CG 56, 55 153 105 F&R 
 AvBD2R1C TGC AGA TGA GCC TTG GT     
AvBD8 AvBD8F2* TTA CTC TAC CCA GGT TTC CTG C 56, 55 169 114 F&R 
 AvBD8R1C ATC CAT CAC ATC CTG GAC TC     
AvBD10 AvBD10F1C TAC CTC TCA TCA TTT CAG GCA G 56, 57 213 114 F 
 AvBD10R2C CCC TGG GAT GTT TTG TCA CC     
AvBD11 AvBD11F2C CCA TGA GAA TGG ACT GAT CCT 61, 59 273 117 F 
 AvBD11R1C TGA GTT CAG CCA TTT CCC     
AvBD12 AvBD12F2C AAT TTG CTG CTC CCT TGT CC 58, 62 188 114 F&R 
 AvBD12R2C GGC TCC TCT GGA AAC CTT CA     
 
For sequencing at each of the AvBD loci, we selected 15 Berthelot’s pipits per population from 
the following islands: Tenerife, Lanzarote and La Palma (Canary Islands); Madeira, Porto Santo 
and Deserta Grande (Madeiran archipelago); and Selvagem Grande (Selvagens archipelago). 
Samples were selected from different geographical locations within each population to capture 
island-level variation, and to minimise the chance of sequencing related individuals. We also 
included 15 tawny pipits (Spain n = 9; Mauritania n = 4; Morocco n = 2). All samples were 
sequenced at AvBD2, 8, and 10–12. We also used the 12 tawny pipit sequences obtained in the 
preliminary study for AvBD7 and 13, and sequenced additional samples to give a total of 15 
tawny pipit samples at these loci. Where forward and reverse sequences overlapped, SNPs were 
verified by sequencing both the forward and the reverse directions. Sequencing was repeated 
across multiple PCRs to confirm SNPs when only one homozygote was present, and when the 
minor allele was present in only one sample. Accuracy of SNP calling was assessed by 
independent calling of a subset of sequences by an additional person. 
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3.3.4. RAD-seq libraries 
We used two previously constructed restriction-site associated DNA sequencing (RAD-seq) 
datasets (https://doi.org/10.5061/dryad.9642b; Armstrong et al. 2018) for comparisons 
between AvBD and genome-wide variation. The “All pipits” RAD dataset consisted of 20 
Berthelot’s pipits per island and 16 tawny pipits. This dataset used RAD loci that were present 
in 100% of individuals, with loci removed if they they contained multiallelic SNPs. Here, we used 
a subset of this dataset that excluded RAD loci that were monomorphic in Berthelot’s pipits, and 
kept loci that were 100–125 bp long (thus comparable to the length of the mature AvBD 
peptides: see Table 3.1), resulting in 850 loci with 5433 SNPs across Berthelot’s and tawny pipits. 
In addition, we removed samples that were not from the eight populations sequenced at AvBD 
loci. This enabled us to perform meaningful comparisons of nucleotide diversity and FST (see 
below) between polymorphic AvBD and RAD loci. 
The “Berthelot’s” RAD dataset contained 20 Berthelot’s pipits per island, with loci that were 
successfully genotyped in ≥ 90% of individuals. Further filtering produced a dataset with one 
SNP per locus (the SNP with the highest minor allele frequency of the SNPs in that locus), 
totalling 2745 SNPs. 
 
3.3.5. Analysis 
AvBD haplotypes were phased in DnaSP v6 (Librado & Rozas 2009). Samples with a phasing 
certainty < 90% were excluded from further analysis (see Table 3.2 for final sample sizes). We 
used PopART v.17 (Leigh & Bryant 2015) to make median-joining haplotype networks for each 
AvBD. We constructed a phylogenetic tree showing the evolutionary relationships between 
AvBD haplotypes in MEGA v7.1 (Kumar et al. 2016), with one Taeniopygia guttata sequence per 
AvBD locus included, obtained from the NCBI BLAST database. The most suitable model of 
sequence evolution was determined by MEGA to be the Kimura 2-parameter model (Kimura 
1980) with invariant sites allowed, and this model was used to build the phylogeny. We retained 
all sites for analysis, to account for codon insertions in some AvBD loci. A total of 120 sites were 
analysed. 
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Table 3.2 Genetic variation at AvBD loci in Berthelot’s pipit archipelagos (C = Canary Islands, M 
= Madeira, S = Selvagens) and in tawny pipits. S = number of variable sites; h = number of 
haplotypes; π = nucleotide diversity × 103; AA = number of amino acid variants; Hd = haplotype 
diversity; Ho/He = observed/expected heterozygosity (Hardy-Weinberg Equilibrium test); Fo/Fe = 
observed/expected homozygosity (Ewens-Watterson test); D = Tajima’s D. Ho, Fo, and D values 
followed by * indicate a significant deviation from He, Fe, or zero, respectively, at P < 0.05. 
Locus Population (n) S h π AA Hd Ho He Fo Fe D 
AvBD2 Berthelot’s pipits (105) 1 2 2.9 2       
 C (45) 1 2 4.5 2 0.47 0.53 0.48 0.53 0.81 1.65 
 M (45) 1 2 0.6 2 0.07 0.07 0.07 0.94 0.81 -0.78 
 S (15) 1 2 1.2 2 0.13 0.13 0.13 0.88 0.76 -0.76 
 Tawny pipits (14) 3 3 13.0 2 0.67 0.57 0.67 0.36* 0.59 1.85 
AvBD4 Berthelot’s pipits (17) 0 1 0.0 1       
 Tawny pipits (11) 0 1 0.0 1       
AvBD7 Berthelot’s pipits (20) 0 1 0.0 1       
 Tawny pipits (14) 2 3 2.2 2 0.20 0.21 0.20 0.80 0.59 -1.24 
AvBD8 Berthelot’s pipits (105) 5 4 2.5 4       
 C (45) 5 4 5.6 4 0.30 0.31 0.30 0.70 0.56 -0.76 
 M (45) 0 1 0.0 1       
 S (15) 0 1 0.0 1       
 Tawny pipits (14) 9 10 10.7 5 0.64 0.57 0.63 0.39 0.18 -1.50 
AvBD9 Berthelot’s pipits (20) 0 1 0.0 1       
 Tawny pipits (12) 0 1 0.0 1       
AvBD10 Berthelot’s pipits (104) 3 5 4.2 1       
 C (44) 3 5 6.8 1 0.53 0.52 0.53 0.47 0.48 0.54 
 M (45) 0 1 0.0 1       
 S (15) 2 3 6.1 1 0.52 0.33* 0.51 0.50 0.59 0.79 
 Tawny pipits (13) 6 6 11.3 3 0.81 0.77 0.81 0.22 0.32 -0.53 
AvBD11 Berthelot’s pipits (105) 2 3 2.4 2       
 C (45) 2 3 3.7 2 0.42 0.29* 0.42 0.58 0.67 0.18 
 M (45) 1 2 0.4 1 0.04 0.04 0.04 0.96 0.81 -0.91 
 S (15) 1 2 3.2 1 0.37 0.20 0.37 0.64 0.76 0.73 
 Tawny pipits (9) 8 8 18.4 2 0.89 0.22* 0.89 0.16 0.20 -0.25 
AvBD12 Berthelot’s pipits (105) 2 3 0.7 2       
 C (45) 2 3 1.5 2 0.17 0.18 0.17 0.83 0.67 -0.89 
 M (45) 0 1 0.0 1       
 S (15) 0 1 0.0 1       
 Tawny pipits (15) 1 2 1.1 1 0.13 0.00* 0.13 0.88 0.76 -0.76 
AvBD13 Berthelot’s pipits (15) 0 1 0.0 1       
 Tawny pipits (15) 1 2 0.9 1 0.07 0.07 0.07 0.94 0.76 -1.15 
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We calculated a range of summary statistics from each AvBD locus. Haplotype diversity and 
Tajima’s D were calculated in DnaSP. Tajima’s D detects deviations from neutral evolution, with 
values around zero signifying neutral evolution, whereas positive or negative values indicate 
balancing or purifying selection, respectively (Tajima 1989). Observed and expected 
heterozygosity, and deviations from Hardy-Weinberg equilibrium, were calculated at both the 
population- and archipelago-level in Arlequin (Excoffier & Lischer 2010) using an exact test with 
1,000,000 steps in the Markov chain and a burn-in of 100,000 steps. 
We used the Ewens-Watterson test in Arlequin to detect deviations from mutation-drift 
equilibrium in each Berthelot’s pipit archipelago and in tawny pipits. This test uses the number 
of alleles within a sample to simulate the expected homozygosity under neutrality. An observed 
homozygosity significantly lower than the simulated expected homozygosity is indicative of 
balancing selection (Watterson 1978). This was carried out at the archipelago level to increase 
sample size; however, low-level population structuring within archipelagos (Armstrong et al. 
2018) may weaken the ability to detect balancing selection. We averaged the simulated 
expected homozygosity and P values across 20 repeats of the test. 
We calculated nucleotide diversity (π) at AvBD and RAD loci using VCFtools (Danecek et al. 2011). 
We used πLOCUS as a measure of per-locus nucleotide diversity, by averaging π across every site 
in each AvBD locus, including invariable sites. In addition, we calculated the average nucleotide 
diversity at nonsynonymous SNPs (πNS_SNP) per AvBD locus. To enable comparisons with genome-
wide variation, we calculated πLOCUS for each RAD locus as above. However, for πNS_SNP we 
included all SNPs within each RAD locus, as the majority of RAD loci are not expected to be within 
coding regions and therefore cannot be classified as synonymous or nonsynonymous. 
Pairwise FST was calculated in PLINK 1.9 (Chang et al. 2015) between each pair of Berthelot’s 
pipit populations, and separately between Berthelot’s and tawny pipits, at every SNP in the 
AvBD loci and in the “All pipits” RAD dataset. The mean FST for SNPs within each locus (AvBD) or 
across all SNPs (RAD) was taken. We then used one-tailed partial Mantel tests with 100,000 
permutations, performed using the Ecodist package in R (Goslee & Urban 2007), to correlate 
AvBD FST with genome-wide RAD FST between Berthelot’s pipit populations. We included 
“archipelago comparison” (eg. Canary Islands vs. Canary Islands, Canary Islands vs. Selvagens 
etc.) as a categorical variable in the partial Mantel test, to control for within- vs. between-
archipelago effects on FST. 
We tested for signatures of divergent selection at the AvBD loci across Berthelot’s pipit 
archipelagos by including AvBD SNPs into an EigenGWAS analysis (Chen et al. 2016) performed 
on the “Berthelot’s” RAD dataset. This was a repeat of the EigenGWAS analysis performed by 
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Armstrong et al. (2018), on a subset of the “Berthelot’s” dataset for individuals that had both 
AvBD and RAD sequences (Canary Islands n = 38, Selvagens n = 13, Madeira n = 37), with AvBD 
SNPs added to the dataset. This allowed us to test the hypothesis that, controlling for genome-
wide variation, AvBD SNPs are likely to be outliers under divergent selection. 
 
3.4. Results 
We performed preliminary sequencing to detect AvBD polymorphisms. Using the primer 
sequences designed by Hellgren & Sheldon (2011), we sequenced Berthelot’s pipits from each 
Macaronesian population, and tawny pipits, at AvBD4, 7–11, and 13 (AvBD2 and 12 failed to 
amplify; Supplementary Table S3.1). We found variation in Berthelot’s pipits and tawny pipits in 
AvBD8, 10 and 11. AvBD7 and 13 were monomorphic in Berthelot’s pipits and polymorphic in 
tawny pipits. AvBD4 and 9 were monomorphic in both species. 
We designed new primers to amplify the entire mature peptide regions of AvBD2, 8 and 10–12 
(Table 3.1), which we then used to sequence 105 Berthelot’s pipits across seven populations, 
and 15 tawny pipits. Haplotype networks (Fig. 3.2) indicated that all AvBD loci share at least one 
haplotype between Berthelot’s pipits and tawny pipits. We found two shared haplotypes at 
AvBD12. In all loci except AvBD10, the most common haplotype in Berthelot’s pipits was also 
found in tawny pipits. The majority of haplotypes differed by just one mutation. Using a 
maximum-likelihood phylogenetic tree, AvBD haplotypes consistently clustered by locus 
(Supplementary Fig. S3.1), supporting evolutionary independence between these genes. 
Genetic diversity at each of the AvBD loci is summarised in Table 3.2. We found 1–5 alleles per 
locus in Berthelot’s pipits, and 2–10 alleles per locus in tawny pipits. These alleles encoded 1–4 
amino acid variants in Berthelot’s pipits, and 1–5 in tawny pipits. AvBD10 was monomorphic in 
Madeira, and AvBD8 and 12 were monomorphic in both Madeira and Selvagens. The Canary 
Islands and Selvagens were out of Hardy-Weinberg equilibrium at AvBD11 and 10, respectively, 
both with an excess of homozygosity, though each individual island within the Canary Islands 
was in Hardy Weinberg equilibrium at AvBD11 (Table 3.3). In the tawny pipits, both AvBD11 and 
12 were out of Hardy Weinberg equilibrium, with significantly less heterozygosity than 
expected. We did not detect any significant deviations from neutrality in the Ewens-Watterson 
test within Berthelot’s pipit archipelagos, though at AvBD2 in the Canary Islands, observed 
homozygosity (0.53) was considerably lower than expected homozygosity (0.81). This is 
suggestive of balancing selection, though the difference was not statistically significant. In the 
tawny pipits, however, the same trend was found at AvBD2, with a significant deviation between 
observed (0.36) and expected (0.59) homozygosity. Tajima’s D values in Berthelot’s pipit 
Chapter 3 
 92 
archipelagos and in tawny pipits ranged from -1.5 to 1.85. The highest Tajima’s D values were 
found for AvBD2, in the Canary Islands (1.65) and tawny pipits (1.85), which may indicate 
balancing selection at this locus; however, no Tajima’s D tests showed significant differences 
from zero (all P > 0.05). 
 
 
Figure 3.2 AvBD haplotype networks. Coloured circles represent haplotypes, shaded by 
archipelago. Synonymous mutations are indicated by black lines joining haplotypes; red lines 
show nonsynonymous mutations. Number of hatches on lines represents the number of 
nucleotide differences between haplotypes. Black circles represent inferred alleles. Size of 
circles represents sample size. C = Canary Islands, M = Madeira, S = Selvagens, T = tawny pipits. 
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Table 3.3 AvBD observed (Ho) and expected (He) heterozygosity per population. Values followed 
by * indicate a significant deviation from Hardy-Weinberg equilibrium at P < 0.05. Monomorphic 
populations are excluded from the table. 
Locus Archipelago Population Ho He 
AvBD2 Canary Islands Lanzarote 0.47 0.48 
  Tenerife 0.47 0.37 
  La Palma 0.67 0.51 
 Madeira Madeira 0.13 0.13 
  Porto Santo 0.07 0.07 
 Selvagens Selvagem Grande 0.13 0.13 
AvBD8 Canary Islands Lanzarote 0.33 0.30 
  Tenerife 0.33 0.36 
  La Palma 0.27 0.25 
AvBD10 Canary Islands Lanzarote 0.67 0.59 
  Tenerife 0.67 0.64 
  La Palma 0.21 0.33 
 Selvagens Selvagem Grande 0.33* 0.51 
AvBD11 Canary Islands Lanzarote 0.27 0.40 
  Tenerife 0.40 0.51 
  La Palma 0.20 0.37 
 Madeira Madeira 0.07 0.07 
  Porto Santo 0.07 0.07 
 Selvagens Selvagem Grande 0.20 0.37 
AvBD12 Canary Islands Lanzarote 0.13 0.13 
  Tenerife 0.33 0.30 
  La Palma 0.07 0.07 
 
Patterns of allelic and amino acid richness followed a general trend of highest richness in the 
tawny pipits, intermediate levels in the Canary Islands, and lowest in Madeira and Selvagens 
(Fig. 3.3), as expected based on population size and colonisation history (Spurgin et al. 2014). 
AvBD2 was the only locus to maintain amino acid variation in Madeira and Selvagens, with the 
same two amino acid variants found across all Berthelot’s pipit archipelagos (Fig. 3.2). These two 
variants were found at high frequency in the Canary Islands (0.38 and 0.62 for AvBD2_1 and 
AvBD2_2, respectively), whereas AvBD2_1 was present at low frequency in Madeira (0.03) and 
Selvagens (0.07). Allele frequencies per island are shown in Table 3.4. 
We calculated nucleotide diversity at AvBD and RAD loci averaged across the whole locus (πLOCUS) 
and averaged across nonsynonymous (AvBD) or all (RAD) SNPs (πNS_SNP) for each AvBD locus and 
for loci in the “All pipits” RAD dataset. In line with allelic and amino acid richness, highest levels 
of πLOCUS and πNS_SNP were found in tawny pipits, and lowest in Madeira and Selvagens (Fig. 3.4). 
Compared with genome-wide patterns in the “All pipits” dataset, AvBD2, 8, 10 and 11 had 
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relatively high πLOCUS in tawny pipits and the Canary Islands. The same was found for AvBD10 and 
11 in Selvagens (Fig. 3.4A). Results were more mixed for nonsynonymous SNPs; high πNS_SNP 
relative to RAD loci across all groups of pipits was found only for AvBD2 (Fig. 3.4B; Table 3.5). 
AvBDs in Madeira and Selvagens were often monomorphic; however, where variation was 
present, nucleotide diversity in AvBD loci tended to be relatively high, with levels of πLOCUS and 
πNS_SNP at AvBD loci often falling within the top 5% of πLOCUS and πNS_SNP values found in RAD loci 
(Table 3.5). 
 
 
Figure 3.3 A) Allele and B) amino acid richness across five AvBD loci in Berthelot’s and tawny 
pipits. Populations are ordered by estimated/effective population size: tawny pipits (T) 
estimated global population size > 4,000,000 (BirdLife International, 2016); effective population 
sizes estimated by Spurgin et al. (2014), Canary Islands (C) 4080, Madeira (M) 2930, Selvagens 
(S) 428. In the Canary Islands and Madeira, richness was calculated for each individual island 
population, with the mean richness for each archipelago shown here. 
 
Table 3.4 AvBD2 allele frequencies in populations of Berthelot’s pipits and in tawny pipits. As 
shown in Fig. 3.2, AvBD2_1, AvBD2_2 and AvBD2_3 encode different amino acid variants, 
whereas AvBD2_3 and AvBD2_4 differ by one synonymous SNP. 
Archipelago Island AvBD2_1 AvBD2_2 AvBD2_3 AvBD2_4 
Canary Islands Lanzarote 0.37 0.63 0.00 0.00 
 Tenerife 0.23 0.77 0.00 0.00 
 La Palma 0.53 0.47 0.00 0.00 
Madeira Madeira 0.07 0.93 0.00 0.00 
 Porto Santo 0.03 0.97 0.00 0.00 
 Deserta Grande 0.00 1.00 0.00 0.00 
Selvagens Selvagem Grande 0.07 0.93 0.00 0.00 
Tawny pipits  0.00 0.43 0.36 0.21 
Chapter 3 
 95 
 
Figure 3.4 Nucleotide diversity (π) across Berthelot’s pipits and tawny pipits at AvBD loci 
(coloured points) and RAD loci (black points). π was calculated as A) πLOCUS, the mean of π across 
all sites along the AvBD or RAD locus; and B) πNS_SNP, the mean of π at nonsynonymous SNPs 
(AvBD) or all SNPs (RAD) per locus. T = tawny pipits, C = Canary Islands, M = Madeira, S = 
Selvagens. 
 
Table 3.5 AvBD nucleotide diversity (π) as a percentile of overall RAD nucleotide diversity per 
population. Nucleotide diversity is measured as πLOCUS (π over the whole locus) or πNS_SNP (π 
averaged across nonsynonymous AvBD SNPs/each SNP per RAD locus). 
Locus π Tawny pipits Canary Islands Madeira Selvagens 
AvBD2 πLOCUS 93.3 96.1 79.6 87.9 
 πNS_SNP 99.6 99.8 88.4 95.8 
AvBD8 πLOCUS 88.7 97.9 0.0 0.0 
 πNS_SNP 42.0 95.8 0.0 0.0 
AvBD10 πLOCUS 90.1 98.8 0.0 99.3 
 πNS_SNP 98.4 0.0 0.0 0.0 
AvBD11 πLOCUS 97.9 93.9 77.5 93.6 
 πNS_SNP 29.8 83.6 0.0 0.0 
AvBD12 πLOCUS 17.6 83.2 0.0 0.0 
 πNS_SNP 0.0 95.6 0.0 0.0 
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Within Berthelot’s pipits, we found significant correlations between pairwise FST at AvBD loci 
and pairwise FST in the “All pipits” RAD dataset at AvBD2, 10 and 11, and at all AvBDs combined 
(Fig. 3.5). However, this result merely indicated that the slope of the relationship was 
significantly different from zero. The majority of pairwise population comparisons had higher FST 
in AvBDs than in RAD loci, indicating greater population structuring at AvBD loci relative to the 
genome average. The high FST at AvBD loci between Berthelot’s pipit islands resulted from a loss 
of alleles in bottlenecked populations (AvBD8 and 12), changes in allele frequencies between 
populations (AvBD2), or both processes (AvBD10 and 11). FST between Berthelot’s pipits and 
tawny pipits was considerably higher than within Berthelot’s pipits at both AvBD and RAD loci, 
reflecting species-level divergence (Table 3.6; Fig. 3.5). The exception was AvBD12 with an FST of 
only 0.01 between Berthelot’s pipits and tawny pipits. Only three haplotypes were found for this 
locus, with two of these shared between the two species (Fig. 3.2). 
 
 
Figure 3.5 The relationship between pairwise FST at AvBD SNPs and genome-wide pairwise FST 
calculated from RAD SNPs in the ‘All pipits’ dataset. Points represent each pairwise comparison 
between populations, with colours and symbols indicating whether the comparison was within 
an archipelago (eg. CC = FST between two Canary Island populations) or between archipelagos 
(eg. CM = FST between a Canary Islands population and a Madeiran population). One-tailed 
partial Mantel tests were performed to test for correlations between AvBD and RAD pairwise 
FST. The correlation coefficient r and corresponding P value are shown in each plot; bold text 
indicates P < 0.05. Grey dashed line indicates the location of a 1:1 relationship. 
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Table 3.6 FST between Berthelot’s pipits and tawny pipits at AvBD and RAD SNPs in the “All pipits” 
dataset. Berthelot’s pipits were treated as a single population, to quantify divergence at the 
species-level. 
Locus FST 
AvBD2 0.58 
AvBD8 0.13 
AvBD10 0.43 
AvBD11 0.38 
AvBD12 0.01 
All AvBDs 0.31 
RAD 0.20 
 
We previously used EigenGWAS to detect outlier loci showing signatures of divergent selection 
between the archipelagos, using the “Berthelot’s” RAD dataset (Armstrong et al. 2018). This 
analysis identifies loci that strongly contribute to population structuring, but is unable to detect 
uniform selection occurring throughout all populations. Here, we have added the AvBD SNPs 
which show variation in Berthelot’s pipits to the “Berthelot’s” dataset, to examine whether 
signatures of divergent selection can be detected at these SNPs. As there is a large degree of 
population structuring between the archipelagos, we used P values that have been corrected 
for genetic structure using genomic control (Devlin & Roeder 1999). The first eigenvector 
separates out Madeira from the Canary Islands and Selvagens, while the second eigenvector 
separates Selvagens from the Canary Islands and Madeira. We found no evidence of divergent 
selection along either eigenvector at any AvBD SNPs (Fig. 3.6). The lowest P value for AvBD SNPs 
was found in AvBD2 on the second eigenvector (P = 0.07; Table 3.7). While this was in the 8th 
percentile of P values for eigenvector 2, suggesting an above-average degree of structuring at 
this SNP between Selvagens and the other archipelagos, it did not reach statistical significance 
even before Bonferroni correction for multiple tests. 
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Figure 3.6 Manhattan plots of EigenGWAS analyses in Berthelot’s pipits. Results are shown for 
eigenvector 1, separating Madeira from the Canary Islands and Selvagens (A), and eigenvector 
2, separating Selvagens from the Canary Islands and Madeira (B). Each point represents a SNP 
ordered by chromosome position, from the “Berthelot’s” RAD dataset (light and dark grey) or 
AvBDs (blue). The y-axis shows P values with genomic control applied to correct for underlying 
population structure. Blue line indicates the Bonferroni-corrected significance level. C) Close-up 
of region of Chromosome 3 containing AvBD SNPs for each eigenvector, coloured by AvBD locus. 
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Table 3.7 AvBD SNPs from the first and second eigenvector (EV1 & EV2) in an EigenGWAS 
analysis of Berthelot’s pipit populations. For each SNP, we have calculated the percentile of the 
P value relative to all SNPs in each eigenvector. The Bonferroni-corrected significance threshold 
of 2.3 × 10-5 was met for SNPs below the 0.3 percentile for EV1, and below the 0.1 percentile for 
EV2. The genomic position of each SNP refers to the equivalent position in the zebra finch 
genome version 3.2.4 (Warren et al. 2010). 
EV SNP Position P Percentile 
EV1 AvBD2_01 Chr3:110796494 0.34 35.8 
 AvBD8_03 Chr3:110810213 0.76 80.1 
 AvBD8_04 Chr3:110810218 0.68 69.3 
 AvBD8_05 Chr3:110810227 0.68 70.1 
 AvBD8_07 Chr3:110810237 0.68 70.1 
 AvBD8_10 Chr3:110810269 0.58 58.1 
 AvBD10_07 Chr3:110822894 0.30 32.7 
 AvBD10_02 Chr3:110822945 0.17 19.0 
 AvBD11_01 Chr3:110848163 0.83 87.0 
 AvBD11_09 Chr3:110848275 0.28 30.7 
 AvBD12_01 Chr3:110851828 0.77 80.9 
 AvBD12_02 Chr3:110851863 0.75 77.9 
EV2 AvBD2_01 Chr3:110796494 0.07 8.9 
 AvBD8_03 Chr3:110810213 0.51 52.2 
 AvBD8_04 Chr3:110810218 0.35 35.5 
 AvBD8_05 Chr3:110810227 0.38 38.5 
 AvBD8_07 Chr3:110810237 0.38 38.5 
 AvBD8_10 Chr3:110810269 0.23 22.1 
 AvBD10_07 Chr3:110822894 0.45 44.5 
 AvBD10_02 Chr3:110822945 0.71 75.0 
 AvBD11_01 Chr3:110848163 0.59 60.9 
 AvBD11_09 Chr3:110848275 0.94 95.3 
 AvBD12_01 Chr3:110851828 0.52 53.3 
 AvBD12_02 Chr3:110851863 0.46 46.5 
 
3.5. Discussion 
Our results indicate that genetic variation at AvBDs in Berthelot’s pipits is overwhelmingly 
shaped by drift. We found lower nucleotide diversity and allelic/amino acid richness at AvBD loci 
in the Canary Islands relative to the tawny pipits, reflecting the initial colonisation of the Canary 
Islands by the mainland ancestor (Illera et al. 2007). Further reductions in richness and 
nucleotide diversity at AvBD loci were found in Madeira and Selvagens, which were each 
independently colonised from the Canary Islands much later (Spurgin et al. 2014). This pattern 
is in line with previous findings in Berthelot’s pipits, which demonstrate reductions in genetic 
diversity at neutral loci (using both microsatellites and RAD loci) across the colonisation events 
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(Illera et al. 2007; Spurgin et al. 2014; Armstrong et al. 2018). We found no evidence of balancing 
selection at AvBD loci in Berthelot’s pipits with either Tajima’s D or the Ewens-Watterson test, 
which are used to detect deviations from neutral evolution (Watterson 1978; Tajima 1989). We 
assessed patterns of pairwise FST between Berthelot’s pipit populations, and between 
Berthelot’s pipits and tawny pipits, at AvBD and RAD loci. FST between the two species was higher 
at both AvBD and RAD loci than FST between Berthelot’s pipit populations, as expected given the 
much longer divergence time between species (ca. 2.5 MYA; Voelker 1999) than between 
archipelagos (ca. 8,500 YA; Spurgin et al. 2014). Using partial Mantel tests, FST at most AvBD loci 
showed a significant correlation with FST across RAD loci, indicating that, for the most part, AvBD 
variation is following the same overall genome-wide trends. One locus, AvBD2, retained 
functional variation across all archipelagos, which could potentially be driven by ongoing 
balancing seelction in the Canary Islands. 
Despite the overall effects of drift arising from the colonisation history of Berthelot’s pipits, we 
found higher levels of nucleotide diversity at several AvBD loci relative to genome-wide RAD loci 
in the Canary Islands. This was shown both across whole loci (AvBD2, 8, 10, 11), and at 
nonsynonymous SNPs (AvBD2, 8, 11, 12), which could potentially result in functional differences 
in AvBD antimicrobial activity (Hellgren et al. 2010). These patterns were not observed in 
Madeira and Selvagens, where patterns of AvBD diversity were similar to that of the neutral RAD 
loci. This suggests that either contemporary or historical balancing selection may have had a role 
in shaping AvBD variation in Berthelot’s pipits. Balancing selection prior to a population 
bottleneck can buffer against the loss of genetic variation during a bottleneck, resulting in 
signatures of past selection that are not entirely eroded by the effect of drift (Gavan et al. 2015; 
Gilroy et al. 2017). Although we do not know the genetic diversity of the ancestral population in 
Berthelot’s pipits, current diversity in the mainland sister species, the tawny pipit, may reflect 
this to some extent. In the tawny pipit we found that several AvBDs showed elevated nucleotide 
diversity relative to genome-wide patterns. It is therefore possible that pathogen-mediated 
balancing selection, which has been detected in AvBDs and other antimicrobial peptides in other 
species (Tennessen & Blouin 2008; Halldórsdóttir & Árnason 2015; Chapman et al. 2016; 
Unckless et al. 2016), may be responsible for elevated genetic variation at AvBD loci in the tawny 
pipit, and that signatures of such past selection remain in the Berthelot’s pipit populations. 
We also found statistical evidence of balancing selection at one AvBD locus in tawny pipits. Using 
a Ewens-Watterson test, we found significantly lower homozygosity than expected under 
neutral evolution at AvBD2 in the tawny pipits. In addition, AvBD2 in the tawny pipits had the 
highest Tajima’s D found in this study, although this was not significantly different from zero. 
Finally, it is worth noting that AvBD2 was the only locus to retain functional variation throughout 
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Berthelot’s pipit populations, with the same two amino acid variants found in each archipelago. 
These findings should be interpreted with caution: although positive Tajima’s D scores can 
indicate balancing selection, they can also be associated with decreasing population size (Tajima 
1989), and estimates of Tajima’s D calculated from small sample sizes (as is the case here for 
tawny pipits, n = 15) are prone to error (Subramanian 2016). Nonetheless, this combination of 
signatures of balancing selection in the tawny pipit and maintenance of functional variation 
across multiple bottlenecks in the Berthelot’s pipit, is consistent with past selection shaping 
contemporary genetic diversity in a system characterised by high levels of genetic drift (Gilroy 
et al. 2017). We also cannot rule out the possibility that balancing selection in the Canary Islands 
at AvBD2 has gone undetected due to low statistical power. The two amino acid variants found 
across all Berthelot’s pipit archipelagos were both found at high frequency in the Canary Islands 
(Table 3.4). One of these alleles was not detected in the tawny pipits, though due to the small 
sample size of this species, we cannot tell whether it exists at low frequencies, whether it has 
been lost since the divergence of Berthelot’s and tawny pipits, or whether this allele originated 
in the Canary Islands prior to the colonisation of Madeira and Selvagens. Regardless, it is now 
present at high frequency in the Canary Islands, and it may be this factor that enabled it to be 
retained through subsequent bottlenecks in Madeira and Selvagens. This corresponds with a 
study of TLR4 dynamics in a bottlenecked population of water voles, where two alleles initially 
found at near equal frequency were still present following a severe bottleneck. Simulations of 
allele frequency dynamics suggested that loss of an allele became increasingly likely with greater 
differences between pre-bottleneck allele frequencies (Gavan et al. 2015). 
Multiple empirical studies have found that if strong enough, balancing selection can counteract 
drift, and maintain immunogenetic variation through bottlenecks (Aguilar et al. 2004; Jarvi et al. 
2004; Munguia-Vega et al. 2007; Gos et al. 2012; Oliver & Piertney 2012). However, drift is often 
reported to be the major evolutionary force influencing immune gene diversity in bottlenecked 
populations (Miller et al. 2010; Grueber et al. 2013; Sutton et al. 2013; González-Quevedo et al. 
2015; Quéméré et al. 2015). While a lack of evidence of balancing selection in Berthelot’s pipits 
could be attributed to strong genetic drift overwhelming balancing selection, it is also possible 
that pathogen-mediated balancing selection is inherently weaker on island populations relative 
to the mainland. Island biogeography theory predicts that smaller, more isolated islands will 
have less immigration and higher extinction, leading to lower species richness (MacArthur & 
Wilson 1967). Pathogen communities on islands have been shown to follow such biogeographic 
trends, with higher pathogen diversity on larger, less isolated islands (Orrock et al. 2011; 
Svensson-Coelho & Ricklefs 2011; Pérez-Rodríguez et al. 2013; Jean et al. 2016). This is also 
evident across Berthelot’s pipit populations, with fewer pathogen strains found in smaller, more 
remote islands (Spurgin et al. 2012). Under pathogen-mediated balancing selection, host 
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populations are predicted to maintain high immunogenetic diversity to protect against diverse 
pathogen communities (Spurgin & Richardson 2010). If pathogen richness is low, then selection 
may be directional instead of balancing, favouring the most effective allele against the local 
pathogen regime (Hartmann et al. 2014). Thus it may be that in island populations, strong drift 
is accompanied by relaxed balancing selection; however, this hypothesis requires further 
investigation. 
In line with drift being a major driver of AvBD diversity, pairwise FST between Berthelot’s pipit 
populations was, for most AvBD loci, significantly correlated with genome-wide FST calculated 
from RAD loci. However, we often found higher FST at AvBD loci compared to RAD loci. Elevated 
levels of structure at AvBD loci could stem from differences between datasets, where individual 
candidate loci are being compared to RAD loci spread throughout the genome. However, we 
have taken steps to minimise the inherent sampling differences between the two datasets: we 
retained only RAD loci that were polymorphic in Berthelot’s pipits, and that were 100–125 bp 
long (approximately the length of the AvBD mature peptide region). On closer inspection, 
especially high FST in AvBDs relative to RAD loci was often seen in comparisons between Canary 
Islands and Madeira, or Canary Islands and Selvagens. This could be suggestive of divergent 
selection for local pathogen regimes, as local adaptation is predicted to cause elevated FST at 
sites under selection relative to neutrally evolving loci (Charlesworth et al. 1997). This has been 
observed at MHC and TLR loci, where elevated FST relative to neutral loci is thought to have 
arisen from local adaptation to spatially divergent pathogen communities (Ekblom et al. 2007; 
Miller et al. 2010; Tschirren et al. 2011). We used an EigenGWAS analysis to test for divergent 
selection between Berthelot’s pipit archipelagos at AvBD SNPs, though this did not find 
significant signatures of divergent selection in any AvBD loci, even before correcting for multiple 
testing. 
Low genetic diversity can increase the vulnerability of a population to infection and epidemics 
(King & Lively 2012), and hinder the evolution of pathogen resistance (Barrett & Schluter 2008; 
Morris et al. 2015). Emerging infectious diseases can have dramatic impacts on survival and 
population persistence, especially in hosts which have not coevolved with the pathogen (Berger 
et al. 1998; Hawkins et al. 2006). A number of endemic Hawaiian bird species are now extinct as 
a result of the introduction of avian malaria (Warner 1968; Van Riper et al. 1986), though 
resistance or tolerance has rapidly evolved, likely as a result of standing immunogenetic 
variation (Woodworth et al. 2005; Sorci 2013). The low diversity at AvBD loci seen in Berthelot’s 
pipits is similar to that found at AvBD and TLR loci in other bottlenecked island endemics 
(Grueber et al. 2013; Dalton et al. 2016; Gilroy et al. 2016). The low standing variation at AvBDs 
in Berthelot’s pipits could increase the risk of local extinctions if faced with a novel pathogen. 
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However, as AvBDs gain broad antimicrobial activity by exploiting a fundamental feature 
common to many microbial pathogens (Zasloff 2002), low diversity at AvBDs might not be as 
detrimental as immune loci that detect more specific pathogen antigens or patterns, such as the 
MHC or TLRs. In the Canary Islands, we found two amino acid variants at high frequency at 
AvBD2; the same trend was also observed at this locus in an outbred population of great tits 
Parus major, where two functional alleles were present at near-equal frequencies (Hellgren 
2015). We found no evidence of local adaptation at AvBD loci, even though it is likely that 
Berthelot’s and tawny pipits will be encountering different microbial communities (Martiny et 
al. 2006). Instead, at nearly every AvBD locus, the two species shared the same major allele. Low 
spatial structuring of AvBD variation has been found in tree swallows Tachycineta bicolor 
(Schmitt et al. 2017b), and across global distributions of mallards (Chapman et al. 2016). In 
addition, sharing of alleles across large phylogenetic distances has been found in a range of 
AvBDs and other antimicrobial peptides (Hellgren & Sheldon 2011; Halldórsdóttir & Árnason 
2015; Chapman et al. 2016; Unckless & Lazzaro 2016). Together, these suggest that the broad 
activity of antimicrobial peptides reduces the need for local adaptation to specific pathogen 
communities. Sufficient pathogen defence by AvBDs might therefore be achieved with a low 
number of highly effective alleles per locus. If so, low AvBD diversity may not pose a particularly 
high risk to population persistence. 
Frequent gene duplication is a common evolutionary feature of many antimicrobial peptide 
gene families (Maxwell et al. 2003; Lee et al. 2005; Tennessen & Blouin 2007; Tang et al. 2018), 
including the AvBDs (Hellgren & Ekblom 2010; Chen et al. 2015). This appears to be an important 
mechanism for generating functional diversity at these genes: whilst individual loci may be 
under purifying selection to maintain a conserved structure and function (Chapman et al. 2016), 
relaxed selection pressure on duplicates facilitates rapid divergence (Duda et al. 2002; Semple 
et al. 2006; Hellgren & Ekblom 2010). It may therefore be possible that variation between AvBD 
genes is more important than variation within genes for maintaining diverse antimicrobial 
activity (Tennessen & Blouin 2007). Our phylogenetic tree and haplotype networks suggest that 
the AvBDs studied here are evolving independently of each other, with new haplotypes arising 
through point mutations. Mechanisms such as gene conversion, which have been shown to 
facilitate the generation of MHC diversity in Berthelot’s pipits (Spurgin et al. 2011), do not 
appear to play a role in shaping genetic diversity at AvBD (this study) or TLR (González-Quevedo 
et al. 2015) loci in Berthelot’s pipits. 
Characterising immunogenetic variation throughout a range of gene families has important 
implications for predicting the adaptive potential of wild populations (Acevedo-Whitehouse & 
Cunningham 2006). Here, we have designed primers to sequence the entire mature peptide at 
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five AvBD loci which showed sequence variation in both Berthelot’s pipits and tawny pipits. 
Though these have only been tested in two closely related pipit species, the primers were 
positioned within regions that showed high conservation across divergent passerine species (up 
to 66 MY estimated divergence time from Berthelot’s pipit, Supplementary Table S3.2), so will 
likely be of utility for other passerine study systems. 
In conclusion, our results suggest that genetic drift as a result of population bottlenecks is the 
key driver of AvBD variation in the Berthelot’s pipit. This is in line with previous findings in this 
species, where immunogenetic variation at TLRs and the MHC have also decreased during 
bottlenecks. Successive colonisation events and population bottlenecks in Berthelot’s pipits 
appear to have markedly reduced functional allelic variation in the Berthelot’s pipit, compared 
to the tawny pipit, although there is some evidence for historical balancing selection at these 
loci. It is not yet clear whether low genetic diversity at AvBD loci has implications for the 
adaptability and long-term persistence of bottlenecked populations and species. Future 
research will reveal whether high intra-locus AvBD diversity is important to evolutionary 
potential and population persistence, or whether instead the broad antimicrobial activity of 
these genes, the widespread gene duplication events, and the diversity of other antimicrobial 
peptides, may reduce the need for high levels of within-locus variation. 
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3.7. Supplementary Material 
Supplementary Table S3.1 Number of samples per population of Berthelot’s and tawny pipits 
successfully sequenced in the AvBD preliminary study. 
Archipelago/species Population AvBD4 AvBD7 AvBD8 AvBD9 AvBD10 AvBD11 AvBD13 
Canary Islands Graciosa  1 1 1 1 1 1 
 Lanzarote 1 1 1 1 1 1 1 
 Fuerteventura 1 1 1 1 1  1 
 Gran Canaria  2 2 2 1 1 1 
 Tenerife 3 3 3 3 3 3 3 
 El Teide 1 1 1 1 1 1 1 
 La Gomera 1 1 1 1 1 1 1 
 La Palma 2 2 2 2 1 1 1 
 El Hierro 1 1 1 1 1 1 1 
Selvagens Selvagem 
Grande 
2 2 2 1 1  1 
Madeira Madeira 2 2 2 2 1 1 1 
 Porto Santo 2 2 1 2 1 1 1 
 Deserta 
Grande 
1 1 2 2 1 1 1 
Berthelot’s pipit  17 20 20 20 15 13 15 
Tawny pipit  11 12 12 12 12 12 12 
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Supplementary Table S3.2 Species and Genbank accession numbers of whole-genome shotgun 
contigs used to design AvBD primers. Divergence times from Berthelot’s pipits (DT) in millions 
of years are estimated from TimeTree (www.timetree.org). 
Species Common Name DT Loci GenBank Accession 
Serinus canaria Atlantic canary 35 AvBD2, 8 CAVT010003542.1 
   AvBD10, 11, 12 CAVT010003543.1 
Taeniopygia guttata Zebra finch 35 AvBD2, 8, 10 ABQF01025082.1 
   AvBD11, 12 ABQF01025086.1 
Geospiza fortis Medium ground finch 38 AvBD2 AKZB01061284.1 
   AvBD8 AKZB01061286.1 
   AvBD10, 11, 12 AKZB01061287.1 
Zonotrichia albicollis White-throated sparrow 38 AvBD2, 8 ARWJ01020695.1 
   AvBD10 ARWJ01020696.1 
   AvBD11, 12 ARWJ01020699.1 
Ficedula albicollis Collared flycatcher 42 AvBD2, 8 AGTO02002612.1 
   AvBD10, 11, 12 AGTO02002613.1 
Corvus brachyrhynchos American crow 44 AvBD2 JMFN01028189.1 
   AvBD8 JMFN01028191.1 
   AvBD10 JMFN01028192.1 
   AvBD11, 12 JMFN01028195.1 
Corvus cornix cornix Hooded crow 44 AvBD2, 8 JPSR01026974.1 
   AvBD10, 11, 12 JPSR01026975.1 
Pseudopodoces humilis Ground tit 44 AvBD2, 8, 10 ANZD01015336.1 
   AvBD11, 12 ANZD01015337.1 
Manacus vitellinus Golden-collared manakin 66 AvBD2 JMFM02004670.1 
   AvBD8, 10 JMFM02011779.1 
   AvBD11 JMFM02011780.1 
   AvBD12 JMFM02011781.1 
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Supplementary Figure S3.1 Maximum likelihood phylogenetic tree of the relationship between 
AvBD loci in Berthelot’s and tawny pipits. The tree is drawn to scale, with branch lengths 
measured in the number of substitutions per site. Species names are followed by the haplotype 
number in brackets (Anthus) or GenBank accession number (Taeniopygia guttata). Haplotypes 
recorded as “Anthus berthelotii/campestris” were detected in both Berthelot’s (A. berthelotii) 
and tawny (A. campestris) pipits. 
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4.1. Abstract 
Environmental conditions play a major role in shaping the spatial distributions of pathogens, 
which in turn can drive local adaptation and divergence in host genetic diversity. Malaria is a 
strong selective force, impacting survival and fitness of hosts, with geographic distributions 
largely determined by habitat suitability for its insect vectors. Here, we have tested whether 
patterns of fine-scale local adaptation to malaria are replicated across discrete, ecologically 
divergent island populations of Berthelot’s pipits (Anthus berthelotii). We sequenced TLR4, an 
innate immunity candidate gene that is potentially under positive selection in Berthelot’s pipits, 
and two SNPs previously identified as being associated with malaria infection in a genome-wide 
association study (GWAS) in Berthelot’s pipits in the Canary Islands. We determined the 
environmental predictors of malaria infection, using these to estimate variation in malaria risk 
on Porto Santo, while finding some congruence with previously identified environmental risk 
factors on Tenerife. We found evidence of associations between malaria infection/risk and TLR4 
variants, with the same trends found in both islands. By contrast, one of the GWAS SNPs showed 
significant associations with malaria risk in Porto Santo, but in the opposite direction to that 
found in the GWAS. Together, these findings suggest the potential for malaria-driven local 
adaptation within and between divergent populations of a bottlenecked island bird. 
 
4.2. Introduction 
Spatial variation in the environment is a key force driving local adaptation and population 
divergence (Hereford 2009). There is increasing evidence that fine-scale changes in 
environmental conditions can result in variation in selection pressures over small geographic 
distances (Garroway et al. 2013; Richardson et al. 2014; Langin et al. 2015), and that fine-scale 
adaptation can persist despite the homogenising effects of gene flow (e.g. Lenormand 2002). 
Adaptation to spatially heterogeneous environmental conditions can also facilitate balancing 
selection, where genetic variation is maintained within and between populations due to 
differential selection on genetic variants (Levene 1953; Schmidt et al. 2000; Bockelmann et al. 
2003). 
Pathogens are major drivers of adaptive evolution, exerting strong selective pressures on their 
hosts (Fumagalli et al. 2011). High levels of genetic variation can be found at many genes 
involved in immune-related processes, and this variation is maintained by pathogen-mediated 
balancing selection (Bernatchez & Landry 2003; Ferrer-Admetlla et al. 2008). The three main, 
non-mutually exclusive mechanisms by which pathogens are thought to drive spatial 
heterogeneity in immune gene diversity are heterozygote advantage, rare-allele advantage and 
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fluctuating selection (Meyer & Thomson 2001; Piertney & Oliver 2006; Spurgin & Richardson 
2010). Heterozygotes may gain a selective advantage over homozygotes if having multiple 
alleles at a locus confers resistance to a broader range of pathogens, or a better response to a 
single pathogen (Doherty & Zinkernagel 1975). Selection for heterozygotes in regions with high 
pathogen abundances can lead to increases in heterozygote frequency relative to uninfected 
areas (Flint et al. 1998; Moormann et al. 2003). Under the rare-allele advantage model, host and 
pathogen are in a coevolutionary arms race, causing cyclical fluctuations in allele frequencies 
(Takahata & Nei 1990; Slade & McCallum 1992). Under this model, spatially separated host 
populations may show different genetic responses to the same pathogen, as they are involved 
in independent coevolutionary cycles (Bonneaud et al. 2006). Finally, the fluctuating selection 
hypothesis predicts that spatial and temporal heterogeneity in pathogen communities, driven 
by a combination of environmental conditions and stochastic processes, will result in local 
adaptation of host immune genes to the local pathogen selection regimes (Hill et al. 1991), with 
diversity being maintained over broad spatial scales. All three of these mechanisms have the 
potential to vary over spatial scales; however, only recently has spatial scale been recognised as 
an important factor in understanding pathogen-mediated selection (Tschirren et al. 2011; Tack 
et al. 2014; Larson et al. 2016). 
Haemosporidians in the genera Plasmodium, Haemoproteus and Leukocytozoon are protozoan 
parasites that infect the red blood cells of mammals, reptiles and birds (Martinsen et al. 2008). 
These parasites can have strong demographic effects on their hosts: malaria (Plasmodium spp.) 
caused nearly half a million human deaths in 2016 (World Health Organization 2017), and has 
been implicated in the decline and extinction of a number of Hawaiian bird species (Warner 
1968; Van Riper et al. 1986; Foster et al. 2004). Infection by haemosporidians has been 
associated with increased mortality (Kilpatrick & LaPointe 2006; Marzal et al. 2008; Guggisberg 
et al. 2018), decreased body condition (Marzal et al. 2008; Otero et al. 2018), and reductions in 
fitness in natural populations (Marzal et al. 2005; Ortego et al. 2008; Knowles et al. 2010). The 
strong selective pressure exerted by haemosporidians has driven the evolution of increased host 
resistance and tolerance (Hill et al. 1991; Tishkoff et al. 2001; Atkinson et al. 2013; Westerdahl 
et al. 2013), with evidence of local adaptation to spatially heterogeneous selection pressures 
(Gilbert et al. 1998; Piel et al. 2010; Loiseau et al. 2011). 
Haemosporidian parasites are dependent on vector transmission to complete their lifecycle, and 
as a result their spatial distributions are constrained by the availability of suitable habitat for 
their insect vectors. Climatic conditions such as temperature and rainfall play important roles in 
determining haemosporidian and vector distrubutions and abundances (Craig et al. 1999; 
Paaijmans et al. 2009; Blanford et al. 2013; Jones et al. 2013; Otero et al. 2018). Landscape 
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features such as altitude and standing water likewise influence vector prevalence, with high 
altitudes associated with decreased Plasmodium infection prevalence (Bødker et al. 2003; 
Niebuhr et al. 2016; Illera et al. 2017; Padilla et al. 2017). Aquatic larval development of vectors 
makes availability of standing water an important determinant of haemosporidian distributions, 
and topographic features that increase surface water persistance may promote increased vector 
abundance (González-Quevedo et al. 2014; Ferraguti et al. 2016, 2018; Ganser et al. 2016). In 
addition, anthropogenic factors such as habitat degradation, agriculture and urbanization can 
all influence haemosporidian dynamics (Yanoviak et al. 2006; González-Quevedo et al. 2014; 
Roiz et al. 2015; Reinoso-Pérez et al. 2016; Turcotte et al. 2018). Together, these factors have 
the potential to shape fine-scale spatial structuring in pathogen selection pressures and host 
immunogenetic variation. 
Studying pathogen-mediated selection has largely involved a candidate gene approach, where 
variation at genes of known, or predicted, function relevant to host immunity is investigated in 
relation to pathogen infection (Bernatchez & Landry 2003; Acevedo-Whitehouse & Cunningham 
2006; Netea et al. 2012). Many studies have focused on the major histocompatibility complex 
(MHC), a group of genes that play a key role in pathogen recognition in the adaptive immune 
system. Both overall MHC diversity and specific MHC alleles have been associated with malaria 
infection probability and immune response (Jepson et al. 1997b; Westerdahl et al. 2005; Jones 
et al. 2015), indicating that this gene family is an important component of host immunity to 
malaria (Hill et al. 1991). However, a greater proportion of phenotypic variance in malaria 
response has been attributed to non-MHC than MHC genes (Jepson et al. 1997a). For example, 
the innate immune system, which acts as a first line of defence against infection, is under strong 
selection from pathogens (Vinkler & Albrecht 2009). Within this, the toll-like receptors (TLRs) 
are a family of pattern-recognition receptors which trigger signalling cascades to launch an 
immune response upon detection of pathogen-associated molecular patterns (Medzhitov et al. 
1997; Janeway & Medzhitov 2002). TLR polymorphisms have been linked to susceptibility and 
resistance to malaria (Mockenhaupt et al. 2006; Mockenhaupt et al. 2006b; Ferwerda et al. 
2007) and other infectious diseases (Lorenz et al. 2002; Tschirren et al. 2013; Bateson et al. 
2016). Evidence of pathogen-mediated balancing selection acting on TLRs has been found in 
humans and wild animals (Bonneaud et al. 2006; Ferrer-Admetlla et al. 2008; Gavan et al. 2015). 
TLR genes therefore represent important candidates for investigating the role of pathogens in 
maintaining host genetic variation. An alternative approach to studying pathogen-mediated 
selection is the use of genome-wide association studies (GWAS). By comparing genotypes at 
single-nucleotide polymorphisms (SNPs) throughout the genome between infected and 
noninfected individuals, it is possible to detect genetic variants that are associated with 
increased resistance or susceptibility to pathogen infection. In addition to identifying 
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associations with known immune loci such as the MHC, TLRs and interleukins (Fellay et al. 2007; 
Wong et al. 2010; He et al. 2015), GWAS approaches enable the detection of novel candidates 
(Thye et al. 2010; Fu et al. 2012; Ravenhall et al. 2018) for further study of the evolutionary 
dynamics between host and pathogen. 
Islands are excellent environments for investigating pathogen-mediated selection. In line with 
island biogeographical theory (MacArthur & Wilson 1967), pathogen diversity and abundance 
tends to be lower on islands compared with the mainland, and on smaller, more remote islands 
(Moro et al. 2003; Pérez-Rodríguez et al. 2013; Clark et al. 2014; but see Illera et al. 2015; Jean 
et al. 2016), simplifying the study of host–pathogen interactions. Pathogen communities on 
each island are shaped by chance colonisation and extinction events, which can result in distinct 
pathogen assemblages and selection pressures between islands (Fallon et al. 2005; Olsson-Pons 
et al. 2015; Wang et al. 2017). Limited gene flow into and out of islands allows for stable 
communities of hosts and pathogens (Spurgin et al. 2012), which may facilitate strong 
coevolutionary relationships. 
Berthelot’s pipit (Anthus berthelotii) is a small sedentary passerine endemic to three 
Macaronesian archipelagos in the Atlantic Ocean (Chapter 2: Fig. 2.1A). Following the 
colonisation of the Madeiran archipelago from the Canary Islands ca. 8000 years ago, there has 
been a lack of gene flow between the archipelagos (Illera et al. 2007; Spurgin et al. 2014), 
potentially facilitating local adaptation and divergent selection (Armstrong et al. 2018). Levels 
of haemosporidian infections show high spatial variability in this species, both between and 
within islands, making it a highly suitable model for investigating the role of spatial scale in 
pathogen-mediated selection. The highest prevalence of Plasmodium and Leucocytozoon 
infection has been found on the island of Porto Santo, while, interestingly, no infection was 
detected on neighbouring islands within the Madeiran archipelago (Illera et al. 2008; Spurgin et 
al. 2012). Aside from Porto Santo, Leucocytozoons have only been detected at low frequency in 
two other populations (Tenerife and Gran Canaria), and no evidence of Haemoproteus has been 
found in this species (Illera et al. 2008; Spurgin et al. 2012; González-Quevedo et al. 2014). On 
Tenerife, moderate levels of haemosporidians have been found in lowland pipit populations, 
whereas none have been detected at high altitude (Illera et al. 2008; Spurgin et al. 2012; 
González-Quevedo et al. 2014). Furthermore, prevalence of malaria on Tenerife is influenced by 
a combination of climatic and anthropogenic effects (González-Quevedo et al. 2014), and 
associations between the distribution of MHC variants and environmental predictors of malaria 
infection have been detected (González-Quevedo et al. 2016). 
Here, we have investigated the association between fine-scale patterns of genetic variation and 
malaria in Berthelot’s pipits across two divergent populations in Tenerife and Porto Santo. These 
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two islands, situated on different archipelagos, show high genetic divergence at neutral loci, 
with limited to no gene flow (Spurgin et al. 2014; Armstrong et al. 2018). Despite a sharp decline 
in genetic diversity associated with the initial colonisation of Madeira (Chapter 3; González-
Quevedo et al. 2015; Armstrong et al. 2018), higher levels of TLR4 allelic and amino acid richness 
exist in Madeira compared to the Canary Islands, and there is other evidence of positive 
selection at this locus (González-Quevedo et al. 2015). TLR4 polymorphisms have been 
associated with increased malaria risk in humans (Mockenhaupt et al. 2006; Ferwerda et al. 
2007; Iwalokun et al. 2015), and may play a potential role in mediating malaria infection in 
Berthelot’s pipits. In addition to TLR4, we have investigated associations between malaria risk 
and two SNPs previously identified in a GWAS of malaria infection across Berthelot’s pipit 
populations (Armstrong et al. 2018). Both SNPs showed significant associations between 
genotype and infection status throughout the Canary Islands, but this relationship was not 
consistent across the other archipelagos (Armstrong et al. 2018). 
Our previous test for associations between malaria infection and genotype in Berthelot’s pipits 
(Armstrong et al. 2018) did not take into account the strong environmental drivers of malaria 
prevalence. Using only infection status, it would be unclear whether a bird was uninfected due 
to possessing a resistant genotype, or if they are simply not yet infected. Here, in addition to 
exploring genetic associations with malaria infection status in Tenerife and Porto Santo, we have 
used in-depth sampling of Porto Santo to model the environmental predictors of malaria 
infection. We have applied the predicted values of this model as a measure of individual malaria 
risk based on the local environmental conditions surrounding each bird, to investigate the 
associations with genotype at TLR4 and previously detected candidate malaria SNPs (Armstrong 
et al. 2018). 
By testing the genetic associations with malaria infection and risk within two divergent island 
populations, we aimed to investigate the spatial scale of local adaptation in the presence of gene 
flow. Our aims were as follows: 1) test for associations between malaria infection status and 
genetic variation in Tenerife and Porto Santo; 2) determine the environmental predictors of 
malaria risk on Porto Santo; 3) compare genetic associations with malaria risk in Porto Santo and 
Tenerife, utilising the above measures of malaria risk for Porto Santo, and those previously 
calculated for Tenerife (González-Quevedo et al. 2014, 2016). 
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4.3. Methods 
4.3.1. Sample collection 
Berthelot’s pipits were sampled over several field seasons on Tenerife (Feb–April 2006, Jan–Aug 
2009, April–May 2010, Jan–May 2011) and Porto Santo (Sept 2006, March 2009, April–June 
2016). For samples collected prior to 2010, 30–60 birds were sampled widely across each island 
per season (Illera et al. 2007; Spurgin et al. 2012). In 2010, ≥ 30 birds were caught from each of 
four potential geographical subpopulations in the west, east and south of Tenerife, and from 
the volcanic plateau of Teide in the centre of Tenerife (Spurgin et al. 2012). For samples collected 
in Tenerife in 2011, the island was divided into 1 km2 grid cells. Attempts were made to catch 
one pipit per 1 km2 within suitable habitat, with a total of 388 birds sampled (González-Quevedo 
et al. 2014). Porto Santo was intensively sampled in 2016, with the aim of surveying all areas of 
suitable and accessible pipit habitat throughout the island. We attempted to catch every pipit 
that was encountered, resulting in a sample size of 129 birds for Porto Santo in 2016, and a total 
of 780 birds across all years and islands. 
Birds were caught in spring traps baited with Tenebrio molitor larvae. Each bird was fitted with 
either a coloured plastic ring or with a numbered aluminium ring issued by the Spanish or 
Portuguese authorities as appropriate for the location, to avoid resampling a previously 
encountered individual. A blood sample (ca. 50 μl) was collected from each bird by brachial 
venipuncture and stored in 800 μl 100% ethanol in a screw top Eppendorf tube at room 
temperature. Birds were classified as juvenile (EURING age code 3; born this calendar year) or 
adult (EURING age codes 4–6; born before this calendar year), based on feather moult pattern 
(Cramp 1988), with the exception of samples collected in 2009, where age codes 3 and 5 were 
classified as juvenile. 
 
4.3.2. Molecular methods 
DNA was extracted from each sample using a salt extraction protocol detailed in Richardson et 
al. (2001). Sexing PCRs (Griffiths et al. 1998) were performed to determine the sex of the bird, 
and ensure that DNA extractions were successful. 
We used a nested PCR approach that detects Plasmodium and Haemoproteus to characterise 
haemosporidian infection status. We amplified each sample first with the primers HAEMF and 
HAEMR2, followed by a second amplification with HAEMNF and HAEMNR2 (Waldenström et al. 
2004), with positive and negative controls included in each PCR plate. Samples that successfully 
amplified at least twice were classified as infected. The strain of Plasmodium was determined 
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by Sanger sequencing; Haemoproteus has not been detected in this species. We have focused 
on Plasmodium in this study as it is the most widespread and abundant haemosporidian family 
in Berthelot’s pipits (Illera et al. 2008; Spurgin et al. 2012). In addition, the vector species of 
Plasmodium and Leucocytozoon have different ecological niches: the mosquito (Culicidae) 
vectors of Plasmodium require hotter thermal ranges to the blackfly (Simulidae) vectors of 
Leucocytozoons, resulting in Leucocytozoon distributions at higher altitudes and colder climates 
than tolerated by Plasmodium vectors (Haas et al. 2012; Imura et al. 2012; Harrigan et al. 2014). 
A previous study genotyped 23–30 Berthelot’s pipits from all 13 Berthelot’s pipit populations at 
TLR4 (González-Quevedo et al. 2015). The primers PauTLR4F and PauTLR4R (Grueber et al. 2012) 
were used to amplify a 660-bp region located within the leucine-rich repeat domain of TLR4. 
Five SNPs were found within this region: TLR4_1 (905 bp, nonsynonymous), TLR4_2 (970 bp, 
nonsynonymous), TLR4_3 (990 bp, synonymous), TLR4_4 (992 bp, nonsynonymous and 
triallelic), and TLR4_5 (1010 bp, nonsynonymous). Base-pair positions are stated according to 
the zebra finch TLR4 protein coding region, Genbank accession FJ695612. Further Sanger 
sequencing of TLR4 was performed on all samples collected from Porto Santo in 2016. Following 
Sanger sequencing, TLR4 SNPs were called through visual inspection of the chromatograms in 
FinchTV (www.geospiza.com/finchtv). We used LGC Genomics’ proprietary KASP™ genotyping 
technology (www.lgcgroup.com) to genotype all additional samples from Tenerife and Porto 
Santo at each TLR4 SNP, except for TLR4_5 which was excluded due to a very low minor allele 
frequency of < 0.05. Assay design and genotyping was performed by LGC Genomics, 
Hertfordshire. 
A genome-wide association study performed on restriction site-associated DNA sequencing 
(RAD-seq) data in Berthelot’s pipits by Armstrong et al. (2018) detected two SNPs (5239s1, 
Chr10:12048280; 7259s1, Chr20:6483195; SNP locations refer to equivalent position on zebra 
finch genome version 3.2.4; Warren et al. 2010) that showed significant associations with 
Plasmodium strain LK6 (Ortego et al. 2007) infection. These were sequenced in 20 birds from 
Porto Santo and 42 from Tenerife; KASP™ assays were likewise designed for these two SNPs, 
and all remaining birds were genotyped at these sites. 
Genotypes AT, CT and TT at the triallelic TLR4_4 SNP were coded as missing data (Tenerife n = 
12; Porto Santo n = 1), to effectively treat this SNP as biallelic. We used DnaSP v6 (Librado & 
Rozas 2009) to phase the TLR4 SNPs into haplotypes. To aid phasing, we included TLR4 
sequences from all Berthelot’s pipit populations, and each phased TLR4 haplotype previously 
detected in Berthelot’s pipits (González-Quevedo et al. 2015). Samples with < 90% phasing 
certainty were excluded from models that included TLR4 haplotypes as predictors. We 
translated the phased TLR4 sequences originating from Sanger sequencing into protein 
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haplotypes. This gave us the amino acid residues at each of the codons containing a SNP, from 
which we were able to infer the amino acids at each SNP for samples that were genotyped with 
KASP™ genotyping. 
We used PLINK 1.9 (Chang et al. 2015) to calculate linkage disequilibrium (LD) between each pair 
of SNPs, and test for deviations from Hardy Weinberg Equilibrium with Hardy Weinberg exact 
tests. Where frequencies ≤ 0.05 were found for SNP minor alleles or TLR4 protein haplotypes, 
these variants were not included as predictors in genetic analyses. 
 
4.3.3. Porto Santo GIS analyses 
A previous study demonstrated the importance of environmental and anthropogenic factors in 
shaping malaria risk in Tenerife (González-Quevedo et al. 2014). Predictors were selected based 
on the potential for influencing the abundance of avian malaria or of its mosquito vectors: the 
minimum temperature of the coldest month (MINTEMP), annual precipitation (PRECIPITATION), 
altitude (ALTITUDE), aspect (ASPECT), slope (SLOPE), pipit density (DENSITY), vegetation type 
(VEGTYPE), distance to nearest poultry farm (DISTPOUL), distance to nearest livestock farm 
(DISTFARM), distance to nearest artificial water reservoir (DISTWATER), and distance to urban 
site (DIST_URB). For analyses on Tenerife, we have used the values calculated by González-
Quevedo et al. (2014) for all environmental predictors. Values for Porto Santo were calculated 
as outlined below. 
All GIS analyses were performed in QGIS v2.18 (QGIS Development Team 2017). MINTEMP and 
PRECIPITATION were obtained from WorldClim global climate data v2 (Fick & Hijmans 2017) at 
a resolution of 30 arc-seconds (approximately 1 km2). ALTITUDE was obtained from the Shuttle 
Radar Topography Mission (SRTM) 3 Arc-Second Global elevation data (srtm.csi.cgiar.org) at a 
resolution of approximately 90 m2. SLOPE and ASPECT were calculated from the SRTM data. 
VEGTYPE was characterised using the CORINE Land Cover inventory (CLC 2012; 
www.eea.europa.eu). We combined the CLC land cover classes into six vegetation categories: 
arable (non-irrigated arable land; vineyards; complex cultivation patterns; land principally 
occupied by agriculture with significant areas of natural vegetation), urban-associated 
(discontinuous urban fabric; port areas; airports), forest (coniferous forest), rock-associated 
(beaches, dunes and sand; bare rock; sparsely vegetated areas), grass (natural grassland; 
pastures), and shrub (moors and heathland; transitional woodland-shrub). The CLC class ‘sport 
and leisure’ was characterised as either grass or urban-associated, depending on the land use 
(golf course or resort complex, respectively). Values of MINTEMP, PRECIPITATION, ALTITUDE, 
SLOPE and ASPECT at each sample location were calculated by applying a 100 m buffer around 
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each sample location, and taking the average value of each variable within the buffer. In the 
case of VEGTYPE, the sample was assigned the category with the largest area. ASPECT was 
classified as one of eight categories: N, NW, W, SW, S, SE, E and NE. 
The location of water sources within Porto Santo was determined in two ways. First, during 
sample collection, we recorded the coordinates of all standing water sources encountered. 
These were verified through visual inspection of Google satellite imagery, from which polygons 
were manually drawn. Second, we used the OpenStreetMap data-filtering tool Overpass Turbo 
(overpass-turbo.eu) to extract polygons of water sources using the query ‘natural=water’. We 
combined the polygons obtained from both methods to calculate DISTWATER for each sample 
location. The presence of livestock was dependent on visual encounters during sample 
collection, as farming census data were not publically available. The type of livestock was used 
to differentiate between factors related to livestock farming that might cause aggregations of 
birds (DISTFARM), and the potential effect of poultry as a reservoir of avian malaria (DISTPOUL). 
DIST_URB was calculated as the distance to the nearest urban-associated area, as classified by 
VEGTYPE. 
DENSITY was calculated as follows. First, a 1 km2 grid was overlaid on Porto Santo, and a 1 km 
radius buffer was drawn around the centroid of each grid cell. Any part of the buffer that 
extended into the ocean was removed. This was converted into a measure of pipits per km2 for 
each grid cell by dividing the area of the buffer by the number of pipits within that area. The 
average density within a 100 m buffer around each sample, weighted by the area of each 1 km2 
grid cell occupied within the sample buffer, was used as the DENSITY measure. 
 
4.3.4. Environmental predictors of malaria risk 
We modelled the relationship between environmental variables and malaria infection status to 
gain a measure of malaria risk for each sample on Porto Santo, using a model selection and 
model averaging approach. Model selection tests all combinations of variables as predictors of 
the response variable and calculates the Akaike Information Criterion (AIC; Akaike 1973) as a 
measure of fit of each model, to determine which models have the strongest relative likelihood 
of approximating reality. Model averaging is then applied to a set of models with the lowest AIC 
(and therefore the highest likelihood) to calculate weighted averages of parameter estimates 
and the relative importance of model predictors (Burnham & Anderson 2002). Throughout this 
study we report AICc, a modification of AIC that includes a correction for sample size, which is 
recommended over AIC when sample sizes are small (Hurvich & Tsai 1989). 
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We first used variance inflation factors (VIFs) to test for collinearity between environmental 
variables. This method treats each variable in turn as the response variable in a regression with 
all other variables as predictors; the VIF is related to the R2 from this regression, giving a measure 
of dependency between environmental variables. VIFs were calculated using the R package car 
(Fox & Weisberg 2011). Zuur et al. (2010) recommend using a threshold of VIF > 3 to indicate 
that collinearity is likely to be problematic. As our set of environmental variables included 
categorical variables, this analysis reported generalized VIFs (GVIFs; Fox & Monette 1992). We 
used the transformation (GVIF1/2df)2, where df is the degrees of freedom associated with the 
variable, to calculate a value equivalent to a standard VIF (Fox & Weisberg 2011). When 
including all variables, we found VIFs > 3, hence collinearity, for every variable except ASPECT. 
To decide which variables to remove, we performed single-predictor binomial generalized linear 
models (GLMs) of each variable against malaria infection status (Table 4.1). Variables with VIFs 
> 3 and high AICc scores were sequentially removed and VIFs recalculated until all remaining 
variables had VIFs < 3. The remaining variables were VEGTYPE, ALTITUDE, DISTWATER, DENSITY, 
ASPECT and DISTPOUL. 
 
Table 4.1. Single-predictor binomial generalized linear models of the environmental predictors 
of Plasmodium strain LK6 infection in adult Berthelot’s pipits on Porto Santo. Environmental 
variables are ordered by increasing AICc scores. Parameter estimates, McFadden pseudo R2 and 
P-values are shown. Estimates are not included for VEGTYPE and ASPECT as these are categorical 
variables. 
Variable Estimate R2 P-value AICc 
ALTITUDE -0.0160 0.129 <0.001 100.0 
DISTWATER -0.0013 0.118 <0.001 101.2 
DIST_URB -0.0014 0.113 <0.001 101.8 
VEGTYPE — 0.157 0.170 103.4 
MINTEMP 2.5188 0.080 0.005 105.4 
SLOPE -0.1569 0.069 0.008 106.6 
PRECIPITATION -0.0308 0.041 0.035 109.7 
DISTPOUL -0.0006 0.018 0.152 112.2 
DISTFARM -0.0005 0.010 0.284 113.1 
DENSITY 0.0747 0.003 0.586 113.9 
ASPECT — 0.094 0.271 117.2 
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Interactions between pairs of environmental predictors may have biologically meaningful 
influences on malaria risk. We selected pairs of predictors that could potentially interact to 
affect malaria risk (Table 4.2) and tested whether the inclusion of an interaction term resulted 
in an improvement in model fit. We performed a binomial GLM of each pair of predictors as 
main effects and malaria infection as the response, with and without an interaction term. The 
interaction DENSITY*DISTWATER gave the largest improvement in AICc, and was therefore 
included in model selection (Table 4.2). 
 
Table 4.2. The effect of including biologically relevant interaction terms between environmental 
variables for predicting Plasmodium LK6 infection in adult Berthelot’s pipits on Porto Santo. 
Binomial generalized linear models were performed with each pair of variables as main effects 
only, or including an interaction term. Where the addition of an interaction resulted in a change 
in AICc (ΔAICc) < -7, that interaction term was included in model selection. 
 Main effect AICc Interaction AICc ΔAICc Retained 
DENSITY*DISTWATER 103.3 90.8 -12.5 ✓ 
DISTPOUL*DISTWATER 103.1 99.6 -3.5  
SLOPE*ALTITUDE 100.2 97.1 -3.1  
ALTITUDE*DISTWATER 92.3 91.2 -1.1  
ALTITUDE*DISTPOUL 101.2 101.3 0.1  
DENSITY*DISTPOUL 114.3 114.7 0.4  
ASPECT*SLOPE 116.4 118.3 1.9  
VEGTYPE*DENSITY 105.6 107.7 2.2  
 
We performed model selection and model averaging following Grueber et al. (2011) using the R 
package MuMIn (Bartoń 2018) to obtain a set of the best-supported models for explaining 
occurrence of malaria infection. This took a binomial GLM consisting of the six environmental 
variables and one interaction outlined above as predictors of malaria infection, and ran all 
possible combinations of this model. Prior to analysis, we used the R package arm (Gelman & Su 
2018) to standardize the input variables to a mean of zero and a standard deviation of 0.5. This 
allows meaningful comparisons of the relative strength of parameter estimates (Gelman 2008; 
Grueber et al. 2011). The model selection process calculated ΔAICc, the difference in AICc 
between each model and the ‘best’ model (the model with the lowest AICc). It also reported the 
Akaike weight for each model, which quantifies the likelihood of a model having the best 
explanatory power within a set of models (Burnham & Anderson 2002). Using the R package 
DescTools (Signorell 2018), we calculated the McFadden adjusted pseudo R2 (the likelihood of a 
model relative to an intercept model) for each model. This measure assesses the goodness-of-
fit of a logistic regression, representing the improvement in likelihood of the full model over an 
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intercept-only model, adjusted to account for the number of predictors in the model (McFadden 
1974). Values of McFadden R2 between 0.2 and 0.4 represent a strong fit, equivalent to a linear 
regression R2 of 0.7–0.9 (Louviere et al. 2000). 
To determine which models would be included in model averaging, we used a threshold of ΔAICc 
≤ 7. This threshold is recommended to retain models with sufficient support without dismissing 
models which still provide some explanatory power (Burnham et al. 2011). We applied model 
averaging over this set of models to calculate weighted averages of parameter estimates. We 
used the zero method of model averaging, which applied an estimate of zero for models in which 
the predictor is absent, to avoid biasing results towards predictors with low explanatory power 
(Burnham & Anderson 2002; Lukacs et al. 2007). In addition, model averaging calculated the 
relative importance of each predictor, an estimate of the probability of a predictor appearing in 
the best model, calculated as the sum of the Akaike weights for models which include that 
predictor. 
We tested for spatial autocorrelation in model residuals since it is well known that spatial 
autocorrelation may lead to spurious associations between predictor and response variables 
(Lennon 2000; Dormann et al. 2007). We created Moran’s I correlograms at distance class 
intervals of 750 m and 1000 m using the R package ncf (Bjornstad 2018), with 1000 permutations 
to test the significance of Moran’s I at each interval. After correcting for multiple testing using 
the Holm correction (a less conservative alternative to Bonferroni correction; Holm 1979; 
Legendre & Legendre 2012), there was no evidence of spatial autocorrelation in the model 
residuals (all adjusted P values > 0.05). Correcting for spatial autocorrelation was therefore not 
required for the estimation of malaria risk in Porto Santo. 
We used the predicted values of the best model identified by model selection as a malaria risk 
score between 0 and 1 for each sample location. This was a measure of the probability of an 
individual at that location being infected with malaria, as a result of the environmental 
conditions. An earlier study used model selection to determine that malaria infection in Tenerife 
was best explained by DISTPOUL, DISTWATER, MINTEMP and DISTWATER*MINTEMP (González-
Quevedo et al. 2014). As significant spatial autocorrelation was present in Tenerife, an 
autocovariate term was included in all model combinations during model selection, to account 
for autocorrelation up to 1000 m (see González-Quevedo et al. 2014 for autocovariate 
methods). Hence, the predicted values from an autologistic model containing these predictors, 
interaction and autocovariate were used as our estimate of malaria risk for Tenerife. Malaria 
risk was logit-transformed prior to use in models. 
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4.3.5. Genetic associations with malaria infection 
Genetic variation was classified in three ways: 1) SNP genotype, encoded as 1 for heterozygotes, 
and 0 or 2 for each of the homozygotes; 2) presence (1) or absence (0) of each TLR4 protein 
haplotype; 3) SNP heterozygosity, with heterozygotes encoded as 1 and homozygotes as 0. Each 
model described below was performed three times, using each of the three classes of genetic 
variants as model predictors. 
We first tested for associations between genetic variation and malaria infection status. We ran 
separate models for each island as the lack of gene flow between Berthelot’s pipits on Tenerife 
and Porto Santo, along with environmental differences in malaria risk patterns between the 
islands, might obscure genetic associations if both islands were included in the same model. We 
tested for genetic associations with malaria infection either across all years using binomial 
generalized linear mixed models (GLMMs) with sampling year as a random effect, or within 
Tenerife (2011) or Porto Santo (2016) with binomial GLMs. Testing across all years gave the 
advantage of a larger sample size; however, temporal fluctuations in selection pressures could 
interfere with genetic associations with malaria, so single-year models were also performed. 
We then tested the genetic variables as predictors of malaria risk in general linear models (LMs) 
for Tenerife (2011) and Porto Santo (2016). As malaria risk was derived from spatially varying 
environmental predictors, genetic variation alone was unlikely to account for all spatial 
autocorrelation in malaria risk. We therefore included distance-based Moran’s eigenvector 
maps (dbMEMs) as spatial predictors of malaria risk. dbMEMs are used to identify gradients of 
spatial variation (spatial structure) in a response variable, across multiple potential scales from 
broad to fine, and are calculated by eigenvector decomposition of distance matrices based on 
the spatial co-ordinates of samples (Borcard & Legendre 2002; Dray et al. 2006). Hence, the use 
of dbMEMs as predictors of malaria risk accounts for spatially-autocorrelated variation in 
malaria prevalence that would otherwise be explained by environmental conditions, 
transmission dynamics, and/or unmeasured genetic gradients. We calculated dbMEMs for each 
island using the R packages adespatial (Dray et al. 2018) and vegan (Oksanen et al. 2018). We 
took all dbMEMs with positive eigenvalues, representing positively autocorrelated spatial 
variation, and tested for associations between each dbMEM and malaria risk using LMs. Starting 
with best-fit models fitting genetic predictors of malaria risk, we sequentially added dbMEMs as 
predictors, fitting those with the highest R2 first, until additional dbMEMs no longer improved 
AICc. Using dbMEMs in this way, we checked that this was the minimum number of dbMEMs 
required to control for spatial autocorrelation in model residuals. The inclusion of dbMEMs 
resulted in VIFs < 3, indicating that any collinearity between dbMEMs and genetic variants was 
acceptably low. We performed hierarchical partitioning using the ‘lmg’ method in the R package 
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relaimpo (Grömping 2006) to calculate the proportion of variance in malaria risk explained by 
genetic variants. 
 
4.4. Results 
4.4.1. Sequencing 
Overall, avian malaria was detected in 126 out of 190 individuals (66.3%) from Porto Santo and 
189 out of 590 individuals (32.0%) from Tenerife (Table 4.3). All infected samples had one of 
four strains of Plasmodium. Between 2006 and 2010, only LK6 (Ortego et al. 2007) was detected 
in Berthelot’s pipits (Illera et al. 2008; Spurgin et al. 2012). Sampling of Tenerife in 2011 found 
Plasmodium in 148 out of 388 individuals (38.1%). The majority of infections were LK6 (139 
samples; 93.9%). Two additional strains were found at low frequency: LK5 (Ortego et al. 2007) 
and KYS9 (Inci et al. 2012) were present in seven (4.7%) and two (1.4%) individuals, respectively 
(González-Quevedo et al. 2014). Out of 129 samples collected from Porto Santo in 2016, 97 
(75.2%) were infected. Of these, 91 (93.8%) had LK6, four (4.1%) had LK5, and a previously 
undocumented strain, PS1530, was found in two (2.1%) individuals. 
Excluding sampling years where no juveniles were caught, the prevalence of malaria was 
significantly higher in adults than in juveniles, both in Porto Santo (test of equal proportions χ2 
= 25.6, P < 0.001) and Tenerife (χ2 = 3.1, P = 0.039). As juveniles were present in much lower 
numbers than adults (Table 4.3), we removed juveniles from further analysis. In previous 
studies, environmental models of malaria risk in Tenerife had greater explanatory power when 
considering only individuals with the LK6 strains of Plasmodium (González-Quevedo et al. 2014). 
Preliminary analysis in Porto Santo found the same to be true; all further analyses therefore 
exclude those rare individuals that were infected with other strains of Plasmodium (see Table 
4.3 for final sample sizes). 
Sanger sequencing of TLR4 in the 2016 Porto Santo samples only detected SNPs which have been 
previously documented in Berthelot’s pipits (González-Quevedo et al. 2015). The low-frequency 
T allele in the triallelic TLR4_4 SNP was present in 12 samples from Tenerife and one from Porto 
Santo; these genotypes were treated as missing, resulting in only biallelic alleles at this SNP. SNP 
allele frequencies differed between the two islands, with different minor alleles found at TLR4_3 
and TLR4_4 (Fig. 4.1A). The SNPs TLR4_1 and TLR4_2 were monomorphic in Tenerife. SNP minor 
allele frequencies < 0.05 were found in Porto Santo for 7259s1 and TLR4_1. Phasing of the TLR4 
SNPs produced five nucleotide haplotypes (Table 4.4), all of which had been previously detected 
in Berthelot’s pipits (González-Quevedo et al. 2015). The five haplotypes translated into four 
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protein haplotypes (denoted with the prefix ‘TLR4_P’; Table 4.4; Fig. 4.1B). TLR4_P2 was 
translated from two haplotypes differing at the synonymous SNP TLR4_3. TLR4_P3 and TLR4_P4 
were absent from Tenerife, and TLR4_P3 was present at low frequency (< 0.05) in Porto Santo. 
As amino acid substitutions could potentially alter TLR4 function (Schröder & Schumann 2005), 
here we have classified TLR4 as protein haplotypes instead of nucleotide haplotypes. 
We tested for deviations from Hardy Weinberg equilibrium at each SNP for each combination of 
island and year, and in each island across all years. SNPs 5239s1 (Tenerife 2011 and all years), 
7259s1 (Tenerife 2006 and 2009), and TLR4_1 (Porto Santo 2009) showed significant deviations 
from Hardy Weinberg equilibrium at P < 0.05; however, following Holm correction for multiple 
comparisons, all adjusted P values were > 0.05. Linkage disequilibrium between TLR4_3 and 
TLR4_4 (excluding the low-frequency T allele) was high (Porto Santo R2 = 0.99; Tenerife R2 = 
0.62). We found moderate LD in Porto Santo between TLR4_2 and TLR4_3 (R2 = 0.39), and 
between TLR4_2 and TLR4_4 (R2 = 0.37). All other combinations of SNPs had low levels of LD (R2 
< 0.1). 
 
4.4.2. Malaria risk models 
Model selection of the environmental predictors of malaria infection found 17 models with 
ΔAICc ≤ 7 relative to the ‘best’ (lowest AICc) model (Table 4.5). The best model contained 
VEGTYPE, ALTITUDE, DISTWATER, DENSITY and DISTWATER*DENSITY. ALTITUDE and 
DISTWATER were negatively associated with malaria infection, whereas DENSITY was positively 
associated (Fig. 4.2). A post-hoc Tukey test of VEGTYPE as a predictor of malaria infection 
(performed using the R package multcomp) found that rock-associated habitat had a 
significantly negative effect on malaria infection relative to arable (P = 0.015) and grass habitats 
(P = 0.039; Fig. 4.2). These four predictors, and the interaction term DISTWATER*DENSITY, had 
relative importances of 0.63–0.99 in model averaging across models with ΔAICc ≤ 7 relative to 
the best model (Table 4.6). We used the predicted values from the model containing these 
predictors and interaction as our estimate for malaria risk for each sample location (Fig. 4.3). 
DISTPOUL and SLOPE had low relative importance in model averaging (0.33 and 0.29, 
respectively), and ASPECT did not feature within the top model set. The malaria risk model for 
Porto Santo had a McFadden adjusted R2 of 0.25 (values of 0.2–0.4 represent a strong fit, 
equivalent to a linear regression R2 of 0.7–0.9; Louviere et al. 2000), whereas the adjusted R2 for 
the Tenerife malaria risk model was 0.10 (González-Quevedo et al. 2014). Distributions of 
malaria risk differed markedly between the islands, with a tendency for higher malaria risk in 
Porto Santo (Fig. 4.4).  
Chapter 4 
 132 
Table 4.3. Plasmodium prevalence in 
Berthelot’s pipits from Porto Santo 
and Tenerife across sampling years.  
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Figure 4.1. Genetic variant frequencies in adult Berthelot’s pipits on Porto Santo (PS; blue) and 
Tenerife (TF; orange). A) Allele frequencies per SNP. In each instance, the allele which is the 
minor allele in Porto Santo is represented. In addition, the low-frequency T allele of the triallelic 
SNP TLR4_4 is also shown. B) Frequencies of TLR4 protein alleles. In both plots, the black dashed 
line indicates a frequency threshold of 0.05; variants below this threshold were excluded from 
models of genetic associations with malaria risk and infection status. 
 
Table 4.4. TLR4 nucleotide and protein haplotypes in Berthelot’s pipits on Tenerife and Porto 
Santo. 
Haplotype Sequence Protein haplotype Amino acid sequence 
1 AGTA TLR4_P1 DGPK 
2 AGCC TLR4_P2 DGPT 
3 AGTC TLR4_P2 DGPT 
4 AACC TLR4_P3 DDPT 
5 GGCC TLR4_P4 GGPT 
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Model 
selection of 
the 
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of 
Plasmodium 
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infection in 
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Figure 4.2. Environmental predictors of Plasmodium strain LK6 risk in adult Berthelot’s pipits on 
Porto Santo. A) The proportion of samples infected with LK6 per category of VEGTYPE. Post-hoc 
Tukey tests found a significantly lower probability of LK6 infection from birds on rock-associated 
versus arable or grass habitats at P < 0.05 (*). Plots B to D show logistic regression models of the 
effect of B) altitude, C) distance to water sources, and D) pipit density on the probability of LK6 
infection. Histograms indicate the frequency of uninfected (lower) and infected (upper) 
individuals at each 50 m altitude class (B), 200 m distance class (C), and 0.5 pipits/km2 class. 
Shaded area represents 95% confidence intervals. 
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Table 4.6. Environmental predictors of malaria risk in adult Berthelot’s pipits on Porto Santo. 
Parameter estimates (and 95% confidence intervals) are presented for the ‘best’ model with 
lowest AICc as determined by model selection, and for model averaging across 17 models with 
ΔAICc ≤ 7 relative to the best model. Averaged parameter estimates were calculated using the 
zero method of model averaging (Burnham & Anderson 2002). Relative importance for each 
predictor/interaction was calculated as the sum of Akaike weights over models in which the 
predictor/interaction occurs. Within VEGTYPE, coefficients of arable, rock, shrub and urban 
were calculated relative to grass as the reference category. Adjusted R2 for the best model was 
calculated as McFadden’s adjusted pseudo R2. 
 Best model Model averaging Relative importance 
(Intercept) 2.62 (1.62, 4.04) 2.32 (1.10, 3.55)  
DISTWATER -1.54 (-3.64, 0.67) -1.79 (-3.83, 0.24) 0.99 
DENSITY 0.63 (-0.59, 1.91) 0.66 (-0.64, 1.97) 0.98 
DENSITY*DISTWATER -5.33 (-9.01, -2.19) -5.02 (-8.72, -1.32) 0.98 
ALTITUDE -1.91 (-3.85, -0.54) -1.47 (-3.33, 0.39) 0.87 
VEGTYPE + + 0.63 
arable -0.56 (-2.97, 2.58) -0.31 (-2.42, 1.80)  
rock -3.77 (-7.55, -1.10) -2.42 (-6.91, 2.06)  
shrub -3.37 (-7.28, -0.00) -1.95 (-6.00, 2.11)  
urban -1.59 (-3.85, 0.80) -0.94 (-3.26, 1.38)  
DISTPOUL  -0.26 (-1.47, 0.94) 0.33 
SLOPE  -0.05 (-1.27, 1.16) 0.29 
Adjusted R2 0.25   
 
4.4.3. Genetic associations with malaria infection 
As we found high levels of LD between TLR4 SNPs, we calculated VIFs for models of genetic 
associations with malaria infection and risk. All VIF scores were < 3 in Tenerife. In Porto Santo, 
TLR4_3 and TLR4_4 had elevated VIF scores (> 50), however after removing the synonymous 
TLR4_3 SNP, all VIF scores were < 3. 
Parameter estimates and statistical significance of genetic variants as predictors of malaria 
infection are summarised in Supplementary Table S4.1. In Porto Santo, across all sampling years, 
increasing frequency of the T allele in SNP 5239s1 was significantly associated with increased 
malaria infection (estimate = 0.75, SE = 0.34, P = 0.026; Fig. 4.5A). This effect was no longer 
significant when looking only at 2016 (P = 0.099), although the direction of the result remained 
consistent, with the highest probability of malaria prevalence in TT genotype individuals. This 
may be an effect of a reduction in power given that the 2016 sample set was smaller than the 
all years sample (n = 110 vs n = 136). No other SNP was significantly associated with malaria 
infection in either 2016 or across all years. There were no significant associations between 
malaria infection and either SNP heterozygosity or TLR4 protein haplotypes in Porto Santo. 
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Figure 4.3. Spatial distribution of Plasmodium strain LK6 and environmental risk factors in adult 
Berthelot’s pipits on Porto Santo. Points indicate location of (A) individual infection status and 
(B) infection risk in adult Berthelot’s pipits. C) VEGTYPE categories, adapted from the CORINE 
Land Cover inventory (CLC 2012; www.eea.europa.eu). D) Altitude on Porto Santo was 
calculated from Shuttle Radar Topography Mission global elevation data (SRTM 90m; 
https://srtm.csi.cgiar.org). Overlaid blue points indicate locations of standing water sources. 
 
There was a significant negative effect of TLR4_P1 presence on malaria infection on Tenerife in 
2011 (estimate = -0.46, SE = 0.23, P = 0.041; Fig. 4.5B). We found the same trend across all years, 
although the association between malaria infection and TLR4_P1 presence was not significant 
(P = 0.091), potentially due to a larger proportion of samples originating from the malaria-free 
high-altitude El Teide site in earlier sampling years. The TLR4_P2 haplotype was not significantly 
associated with malaria infection in 2011 or across all years. We found no significant associations 
with malaria infection for SNP genotypes or SNP heterozygosity in Tenerife. 
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Figure 4.4. The distribution of Plasmodium strain LK6 infection risk in adult Berthelot’s pipits on 
Porto Santo (PS; blue) and Tenerife (TF; orange). 
 
4.4.4. Genetic associations with malaria risk 
We then tested for associations between genetic variants and malaria risk on Porto Santo (2016) 
and Tenerife (2011). The following results are summarised in Supplementary Table S4.2. On 
Porto Santo, increasing numbers of T alleles at SNP 5239s1 (estimate = 0.69, SE = 0.27, P = 0.011), 
and A alleles at SNP TLR4_2 (estimate = 1.03, SE = 0.42, P = 0.016), were significantly associated 
with increased malaria risk. However, the residuals of this model were highly spatially 
autocorrelated. To control for this, we included seven dbMEMs which had high R2 in single-
predictor models of malaria risk (Supplementary Fig. S4.1), chosen from a set of dbMEMs which 
gave the lowest AICc in a multipredictor model of malaria risk. After controlling for 
autocorrelation, SNP 5239s1 was still significantly associated with malaria risk (estimate = 0.38, 
SE = 0.17, P = 0.030; Fig. 4.6), in contrast to TLR4_2 (P = 0.423). We did not find a significant 
association between TLR4_4 and malaria risk, either before or after controlling for 
autocorrelation. Hierarchical partitioning of the above models (Table 4.7) found that SNP 5239s1 
explained 5.2% of the variance in malaria risk before controlling for autocorrelation, and 3.3% 
of the variance after the addition of dbMEMs. Despite having a nonsignificant association with 
malaria risk in the model containing dbMEMs, TLR4_2 explained a greater proportion of the 
variance in malaria risk compared to 5239s1, both before (7.4%) and after (4.3%) controlling for 
autocorrelation. 
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Figure 4.5. The association between Plasmodium strain LK6 infection status and genetic variants 
in adult Berthelot’s pipits. A) SNP 5239s1 genotype was significantly associated with LK6 
infection in Porto Santo across all sampling years, but was nonsignificant in 2016. B) Protein 
haplotype TLR4_P1 was significantly associated with LK6 infection in Tenerife in 2011 but not 
across all sampling years. 0 = absent, 1 = present. * denotes significance at P < 0.05; NS = not 
significant. 
 
Before taking into account autocorrelation, there were no significant associations between SNP 
heterozygosity and malaria risk on Porto Santo; however, after including seven dbMEMs to 
remove spatial autocorrelation in model residuals, heterozygosity at SNP 5239s1 was 
significantly associated with increased malaria risk (estimate = 0.74, SE = 0.25, P = 0.004). 
Heterozygosity at other SNPs was not significantly associated with malaria risk. 
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Figure 4.6. The association between Plasmodium strain LK6 infection risk and SNP 5239s1 in 
adult Berthelot’s pipits on Porto Santo. LK6 risk was logit-transformed prior to model fitting; a 
log-odds risk score of 0 is equivalent to an infection probability of 0.5. 
 
Table 4.7. Hierarchical partitioning of variance for predictors of malaria risk in Berthelot’s pipits 
on Porto Santo. R2 values were calculated from a general linear model with genotypes at SNPs 
5239s1, TLR4_2 and TLR4_4 as predictors of malaria risk, with and without the inclusion of 
dbMEMs as predictors to control for autocorrelation. 
Predictor R2 R2 (with dbMEMs) 
5239s1 0.052 0.033 
TLR4_2 0.074 0.043 
TLR4_4 0.039 0.027 
dbMEMs  0.589 
 
Prior to controlling for autocorrelation, the presence of protein haplotype TLR4_P1 was 
significantly associated with reduced malaria risk on Porto Santo (estimate = -1.32, SE = 0.62, P 
= 0.037). This model likewise had significant levels of spatial autocorrelation in model residuals, 
and required the same seven dbMEMs to control for it. Following the addition of dbMEMs, there 
was no longer a significant effect of TLR4_P1 presence (P = 0.318). No other TLR4 protein 
haplotypes showed significant associations with malaria risk. 
To investigate the loss of significance of associations between TLR4_P1 or TLR4_2 and malaria 
risk on Porto Santo, we ran a binomial glm (TLR4_P1) and lm (TLR4_2) with the seven dbMEMs 
as predictors for the two genetic variants. dbMEM1 was significantly associated with both 
TLR4_P1 (estimate = -1.18, SE = 0.39, P = 0.003) and TLR4_2 (estimate = 0.16, SE = 0.06, P = 
0.005). 
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Without dbMEMs, there were no significant associations between SNP heterozygosity and 
malaria risk on Porto Santo; however, after including seven dbMEMs to remove spatial 
autocorrelation in model residuals, heterozygosity at 5239s1 was significantly associated with 
increased malaria risk (estimate = 0.74, SE = 0.25, P = 0.004). 
We did not find any significant associations between SNP genotype, SNP heterozygosity, or TLR4 
protein haplotypes and malaria risk on Tenerife. We were unable to remove spatial 
autocorrelation in model residuals through the addition of dbMEMs as model predictors. 
 
4.5. Discussion 
We used previously identified candidate SNPs linked to malaria infection across populations 
(from a GWAS analysis performed on RAD-seq SNPs; Armstrong et al. 2018), and TLR4 SNPs 
(González-Quevedo et al. 2015) to investigate the relationship between potentially adaptive 
genetic variation and avian malaria within two island populations of Berthelot’s pipits. In 
addition to testing for associations with infection status, we calculated the malaria risk at each 
sampling location, predicted by modelling fine-scale environmental drivers of malaria infection. 
We found evidence of associations between actual malaria infection and SNP 5239s1 in Porto 
Santo, and TLR4 protein haplotype 1 in Tenerife. Furthermore, the SNPs 5239s1 and TLR4_2 
showed associations with malaria risk in Porto Santo, whereas in Tenerife, where malaria risk 
was lower, we did not find any genetic associations with malaria risk. 
We have previously used RAD-seq SNPs to detect genetic variants that were significantly 
associated with LK6 infection in a GWAS of Berthelot’s pipits in the Canary Islands (Armstrong 
et al. 2018). The strongest association was found for SNP 5239s1, which was situated ca. 2000 
bp from interleukin-16 (IL-16), a proinflammatory cytokine. Though direct associations between 
IL-16 and malaria infection have not been found, IL-16 moderates the expression of other 
cytokines that are associated with malaria infection (Kern et al. 1989; Mathy et al. 2000; Lyke et 
al. 2004). In the present study, SNP 5239s1 was a significant predictor of malaria on Porto Santo, 
with the lowest infection and risk found in samples with the AA genotype. This was the opposite 
relationship to that found in the Canary Islands (Armstrong et al. 2018), where increased 
incidence of the T allele was associated with reduced infection. This may be indicative of 
pathogen-mediated balancing selection, which can arise from heterozygote advantage (Doherty 
& Zinkernagel 1975), rare-allele advantage (Takahata & Nei 1990; Slade & McCallum 1992), and 
local adaptation to fluctuating pathogen selection pressures (Hill et al. 1991). When controlling 
for spatial autocorrelation, we found a significant association between SNP 5239s1 
heterozygosity and malaria risk on Porto Santo, although contrary to the heterozygote 
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advantage model of pathogen-mediated balancing selection, heterozygotes were associated 
with greater malaria risk than homozygotes (an effect which was largely driven by the decline in 
risk found with AA genotypes). Berthelot’s pipit populations on the Madeiran and Canary Islands 
archipelagos have been isolated from each other for ca. 8000 years (Spurgin et al. 2014). 
Different populations may therefore be undergoing independent coevolutionary cycles with the 
same malaria strain, with alternative alleles conferring an advantage between divergent 
populations. In line with our findings, population-specific relationships between MHC alleles and 
susceptibility to a single malaria strain have been detected in other species, such as in house 
sparrows (Bonneaud et al. 2006). Alternatively, undetected genetic and phenotypic differences 
within the LK6 strain could potentially drive local adaptation between the archipelagos, with 
different alleles favoured in different populations (Alcaide et al. 2008; Loiseau et al. 2009). Here, 
we have used a single genetic marker, the mitochondrial cytochrome b locus, to classify the 
malaria strain. Several genes on the Plasmodium genome with relevance to infection success 
have shown greater genetic variation than at cytochrome b (Jarvi et al. 2008; Hellgren et al. 
2013; Lauron et al. 2014). It is therefore possible that Berthelot’s pipits on separate archipelagos 
could be adapting to different malaria strains within LK6, although this remains to be tested. 
We did not find evidence of associations between SNP 5239s1 and malaria infection or risk on 
Tenerife, despite this population being included in the previous GWAS (Armstrong et al. 2018). 
SNPs that are related to individual-level variation in parasite burden do not necessarily show the 
same associations at the landscape scale (Wenzel et al. 2016). It is possible that with the 
comparatively low malaria risk in Tenerife, gene flow is overriding landscape-scale associations 
between SNP 5239s1 and malaria risk (Lenormand 2002). The previous GWAS result could have 
been driven by other populations such as Lanzarote and Fuerteventura, where malaria infection 
rates were higher (Illera et al. 2008; Spurgin et al. 2012). 
Polymorphisms in genes of the immune system can alter the effectiveness of their proteins for 
detecting and responding to pathogens (Lazarus et al. 2002; Sommer 2005). The TLR4 SNPs 
sequenced here are situated within the ligand-binding region, which plays a key role in TLR 
pathogen recognition (Werling et al. 2009). Evidence of positive selection in birds or mammals 
has been detected at each of the codons in which the Berthelot’s pipit TLR4 SNPs are found 
(Vinkler & Albrecht 2009; Wlasiuk & Nachman 2010; Areal et al. 2011; Králová et al. 2018), 
suggesting that variation at these sites may be important for the evolution of pathogen 
recognition. On Tenerife, we found that the presence of the TLR4 protein haplotype TLR4_P1 
was associated with decreased malaria infection prevalence in 2011, but not across all sampling 
years. In earlier years, approximately half of samples were collected from the high-altitude (> 
2000 m above sea level) plateau of El Teide. Avian malaria has not been found in Berthelot’s 
Chapter 4 
 143 
pipits in this location (Illera et al. 2008; Spurgin et al. 2012; González-Quevedo et al. 2014), 
although a survey of passerine communities on Tenerife found malaria at low frequency in high-
altitude habitats (Padilla et al. 2017). The relationship seen in 2011 between TLR4_P1 and 
infection may be masked in other sampling years by the increase in uninfected individuals from 
areas of low malaria abundance. We did not find a relationship between TLR4_P1 presence and 
malaria risk, potentially due to the limitations of the Tenerife malaria risk model outlined above. 
On Porto Santo, both TLR4_P1 and the SNP TLR4_2 were significantly associated with malaria 
risk, although these relationships were no longer significant after including dbMEMs to remove 
autocorrelation in model residuals. Both of these genetic variants showed significant 
associations with dbMEM1, which itself explained 22% of the variance in malaria risk, making it 
difficult to disentangle the real effects of these variants from any spurious associations arising 
from residual autocorrelation. 
In this study we focused on the Plasmodium strain LK6. This strain has been found in a number 
of passerines across the Macaronesian islands (Illera et al. 2015; Padilla et al. 2017) and 
northwestern Africa (Mata et al. 2015), and in falcons in Spain and the Canary Islands (Ortego et 
al. 2007; Gutiérrez-López et al. 2015), suggesting that LK6 is a generalist parasite with large host 
phylogenetic diversity. The benefit of increased transmission through multiple hosts is predicted 
to trade off against virulence (Leggett et al. 2013). This could mean that the severity of infection 
by LK6, and hence the strength of selection against it, is relatively lower than more host-specific 
pathogens, potentially making it harder to detect genetic associations with this strain. Increased 
mortality during the acute stage of infection has been documented in other avian malaria strains 
(Atkinson et al. 2000; Lachish et al. 2011; Sepil et al. 2013). Although reductions in fitness traits 
have been found with chronic LK6 infections (Ortego et al. 2008), there is a lack of research into 
the mortality effects of acute LK6 infection. 
We modelled the environmental predictors of malaria distributions in Porto Santo to understand 
fine-scale spatial differences in malaria risk. Higher altitudes and increased distance to water 
were associated with decreased probability of malaria infection, whereas a positive association 
was found between pipit density and infection. Distance to water and pipit density negatively 
interacted, resulting in high malaria prevalence in areas close to water with large aggregations 
of pipits. Previous work in Tenerife found the main drivers of avian malaria distributions were 
minimum temperature of the coldest month, distance to artificial water sources, and distance 
to poultry farms (González-Quevedo et al. 2014). In both Tenerife and Porto Santo, high 
collinearity was found between altitude, minimum temperature and precipitation, with strong 
environmental links between the three variables. The same climatic processes are therefore 
likely to be influencing malaria distributions on each island. This is perhaps not surprising as 
Chapter 4 
 144 
malaria vector distributions are constrained by thermal requirements, with decreased malaria 
prevalence often reported at high altitudes (Eggert et al. 2008; Niebuhr et al. 2016) and low 
temperatures (Craig et al. 1999; Blanford et al. 2013; Loiseau et al. 2013). 
Distance to water sources was an important predictor of malaria distributions in both Porto 
Santo and Tenerife (González-Quevedo et al. 2014). Standing water is essential for larval 
development of mosquitoes, resulting in higher malaria and vector abundance in close proximity 
to water sources (Ganser et al. 2016; Illera et al. 2017; Ferraguti et al. 2018). In the present 
study, distance to urban areas was removed prior to model selection due to high collinearity 
with distance to water sources. Therefore we cannot rule out the importance of additional 
sources of standing water that may be associated with urban environments. Other studies have 
found links between urbanisation and increased malaria or vector abundance (Alemu et al. 
2011; Li et al. 2014; Reinoso-Pérez et al. 2016), although this appears to vary between vector 
species, with some favouring more natural habitats (Johnson et al. 2008; Ferraguti et al. 2016). 
Pipit density was positively associated with malaria risk on Porto Santo, although compared to 
other predictors of malaria risk, the model-averaged parameter estimate was relatively small. 
There was, however, a strong negative interaction between distance to water sources and pipit 
density on this island. With the scarcity of standing water available throughout Porto Santo, 
these water sources may attract higher densities of pipits than found in areas far from water. 
Higher densities of hosts are expected to increase disease transmission rates (Begon et al. 2002; 
Greer et al. 2008; Raghwani et al. 2011). Standing water is necessary for breeding of malaria 
vectors, and female mosquitoes have been shown to aggregate around water sources (Le 
Menach et al. 2005). The potential attraction of standing water for both hosts and vectors is 
likely to explain the elevated levels of malaria found at high densities in close proximity to water 
sources on Porto Santo. Pipit density itself was not an important predictor of malaria 
distributions in Tenerife (González-Quevedo et al. 2014), though as noted by the authors, 
defining density based on the presence or absence of a caught bird in each 1 km2 (as they did) 
may not be the most appropriate measure. In the present study, we calculated density based 
on the number of sampled birds within a 1 km radius of each sampling location. While this 
measure is unlikely to accurately reflect the true density of pipits at each site, it may function as 
an indicator of relative density, as we would expect to catch a greater number of birds in areas 
with higher densities. 
Vegetation type was associated with malaria prevalence on Porto Santo. The highest abundance 
of malaria was found in arable and grassland habitats, with significantly lower malaria in rock-
associated habitats. However, this should be interpreted with caution due to small sample sizes, 
as only six pipits were caught on rock-associated habitats (one of which was infected). Of the 
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predictors that were included in the model of malaria risk, vegetation type had the lowest 
relative importance in model averaging (0.63). Despite this, there does appear to be an 
important role of vegetation type for explaining the spatial distributions of malaria: calculating 
malaria risk using a model without vegetation type resulted in an inability to control for spatial 
autocorrelation using dbMEMs (results not shown). While not an important predictor of malaria 
infection in Tenerife (González-Quevedo et al. 2014), differences in malaria and vector 
abundances between vegetation types have been found elsewhere (Rubio-Palis & Zimmerman 
1997; Clark et al. 2016; Ferreira Junior et al. 2017). 
Contrary to findings from Tenerife (González-Quevedo et al. 2014), distance to poultry was not 
an important predictor of malaria prevalence on Porto Santo. As farm census data was not 
publicly available for Porto Santo, poultry locations were identified using visual observations, 
and we likely missed a number of occurrences. However, the difference in the effects of poultry 
between the two islands is perhaps unsurprising due to the nature of poultry farming on the 
two islands: in contrast to the commercial-scale poultry farming on Tenerife, poultry were only 
ever found in small numbers on Porto Santo (often < 5 birds per sighting). Potential disease 
reservoir effects, or the increased aggregation of wild birds around poultry farms, that may be 
driving increased malaria abundance on Tenerife (González-Quevedo et al. 2014) are less likely 
at the small scale of poultry farming witnessed on Porto Santo. 
The malaria risk model in Porto Santo had a higher McFadden pseudo R2 (R2 = 0.25) than the risk 
model in Tenerife (R2 = 0.10) for explaining malaria distributions in Berthelot’s pipits. The ability 
to detect significant ecological relationships with environmental gradients can be highly scale-
dependent (Lomolino & Creighton 1996; Steffan-Dewenter et al. 2002; Holland et al. 2005). The 
smaller area of Porto Santo compared to Tenerife (< 50 km2 vs. > 2000 km2) might be a more 
suitable spatial scale for assessing the climatic and landscape drivers of malaria distributions. 
Alternatively, differences between the islands could be driven by vector community 
composition. Habitat suitability and niche breadth differs between mosquito species (Mughini-
Gras et al. 2014); it is possible that vector species in Tenerife could have lower habitat specificity 
than in Porto Santo and therefore be less constrained by environmental conditions. However, 
without knowledge of the vector species on the two islands, at present we are unable to test 
this theory. 
By testing for associations with malaria infection and risk at TLR4 and novel malaria-associated 
SNPs in divergent populations, we have revealed contrasting patterns of malaria risk and 
potential local adaptation between the two islands, in addition to genetic associations with 
environmentally-driven fine-scale spatial variation in malaria risk at the landscape scale within 
Porto Santo. A lack of genetic associations with malaria risk in Tenerife may indicate the 
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importance of spatial scales for assessing local adaptation across landscapes, where fine-scale 
associations may be obscured over larger areas. Understanding the processes of local 
adaptation and the environmental drivers of infectious disease will be of additional importance 
for conservation efforts, as future climatic fluctuations alter the prevalence of disease. 
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4.7. Supplementary Materials 
Supplementary Table S4.1. Summary of general linear models of the association between 
genetic variants and malaria infection status in Berthelot’s pipits on Porto Santo (PS) and 
Tenerife (TF). Parameter estimates (with standard error in brackets) for each genetic variant 
were taken from multipredictor models with genetic variants coded as SNP heterozygosity, SNP 
genotype, or TLR4 protein haplotype presence/absence. Models were performed in each island 
across all sampling years (‘All years estimate’), or in the main sampling year with largest sample 
size (Porto Santo = 2016; Tenerife = 2011; ‘Main year estimate’). Asterisks next to parameter 
estimates denote significance of the predictor (* P < 0.05). 
Island Variant type Variant All years estimate Main year estimate 
PS SNP genotype 5239s1 0.75 (0.34)* 0.60 (0.37) 
  TLR4_2 0.90 (0.51) 1.10 (0.58) 
  TLR4_4 0.15 (0.40) -0.16 (0.45) 
 SNP heterozygosity 5239s1 0.53 (0.45) 0.61 (0.52) 
  TLR4_2 0.94 (0.49) 0.95 (0.55) 
  TLR4_4 -0.76 (0.47) -0.98 (0.53) 
 TLR4 protein haplotype TLR4_P1 -1.62 (0.85) -1.57 (0.94) 
  TLR4_P2 -0.53 (0.52) -0.82 (0.60) 
  TLR4_P3 0.40 (0.51) 0.24 (0.59) 
TF SNP genotype 5239s1 0.08 (0.17) 0.18 (0.18) 
  7259s1 -0.02 (0.14) -0.03 (0.15) 
  TLR4_3 -0.10 (0.22) 0.09 (0.26) 
  TLR4_4 0.31 (0.25) 0.19 (0.29) 
 SNP heterozygosity 5239s1 0.09 (0.21) 0.25 (0.24) 
  7259s1 -0.29 (0.20) -0.30 (0.22) 
  TLR4_3 0.20 (0.25) 0.00 (0.29) 
  TLR4_4 -0.41 (0.26) -0.40 (0.29) 
 TLR4 protein haplotype TLR4_P1 -0.34 (0.20) -0.46 (0.23)* 
  TLR4_P2 -0.07 (0.38) -0.20 (0.43) 
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Supplementary Table S4.2. Summary of linear models of the association between genetic 
variants and malaria risk in Berthelot’s pipits on Porto Santo (PS) and Tenerife (TF). Parameter 
estimates (with standard error in brackets) for each genetic variant were taken from 
multipredictor models with genetic variants coded as SNP heterozygosity, SNP genotype, or 
TLR4 protein haplotype presence/absence. On Porto Santo, models were performed with just 
the genetic variants, or with the inclusion of dbMEMs to control for autocorrelation in model 
residuals (‘dbMEM estimate’). dbMEMs were unable to account for autocorrelation in Tenerife 
models. Asterisks next to parameter estimates denote significance of the predictor (* P < 0.05; 
** P < 0.01). 
Island Variant type Variant Estimate dbMEM estimate 
PS SNP genotype 5239s1 0.69 (0.27)* 0.38 (0.17)* 
  TLR4_2 1.03 (0.42)* 0.22 (0.27) 
  TLR4_4 0.21 (0.36) 0.09 (0.23) 
 SNP heterozygosity 5239s1 0.79 (0.41) 0.74 (0.25)** 
  TLR4_2 0.77 (0.42) 0.39 (0.26) 
  TLR4_4 -0.59 (0.42) -0.36 (0.26) 
 TLR4 protein haplotype TLR4_P1 -1.32 (0.62)* -0.41 (0.41) 
  TLR4_P2 -0.36 (0.51) 0.02 (0.33) 
  TLR4_P3 0.60 (0.47) 0.14 (0.30) 
TF SNP genotype 5239s1 0.26 (0.73)  
  7259s1 -0.23 (0.60)  
  TLR4_3 -0.03 (1.04)  
  TLR4_4 0.40 (1.13)  
 SNP heterozygosity 5239s1 0.80 (0.96)  
  7259s1 -1.08 (0.86)  
  TLR4_3 0.48 (1.13)  
  TLR4_4 -0.59 (1.14)  
 TLR4 protein haplotype TLR4_P1 -0.45 (0.89)  
  TLR4_P2 0.22 (1.68)  
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Supplementary Figure S4.1. Distance-based Moran’s eigenvector maps (dbMEMs) showing 
strongest associations with Plasmodium strain LK6 infection risk in adult Berthelot’s pipits on 
Porto Santo. R2 values for each dbMEM were calculated from single-predictor LMs of each 
dbMEM against logit-transformed LK6 risk. Positive eigenvector scores are indicated by black 
squares, and negative scores are white. The size of the square indicates the magnitude of the 
score. 
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5.1. General discussion 
Pathogens are a major selective agent, with the potential to reduce individual survival and 
fitness, and exert demographic change on populations (Daszak 2000; Morens et al. 2004). 
Although pathogen-mediated selection is predicted to promote high levels of diversity at 
immune genes (Bernatchez & Landry 2003; Piertney & Oliver 2006; Spurgin & Richardson 2010), 
this variation is at risk of erosion through genetic drift, especially in bottlenecked populations 
(Acevedo-Whitehouse & Cunningham 2006). In my thesis I have investigated patterns of 
immunogenetic diversity at the level of individuals, populations and archipelagos in Berthelot’s 
pipit Anthus berthelotii, an island bird which has experienced reduced population sizes and loss 
of genetic diversity associated with colonisation events, to determine the extent to which 
pathogen-mediated selection is able to maintain adaptive variation in the face of genetic drift. 
Establishing a baseline level of neutral variation was an important first step for determining the 
evolutionary dynamics of immune genes. In Chapter 2, I used restriction-site associated DNA 
sequencing (RAD-seq) to assess genome-wide levels of genetic diversity in Berthelot’s pipit 
archipelagos, and in the mainland sister species, the tawny pipit A. campestris. I found sharp 
declines in genetic diversity in Berthelot’s pipits in the Canary Islands relative to tawny pipits, 
followed by further reductions in Madeira and Selvagens, in line with past inferences of the 
colonisation history of Berthelot’s pipits (Arctanderi et al. 1991; Illera et al. 2007; Spurgin et al. 
2014). Admixture analysis revealed previously undetected population structuring within 
archipelagos, with an east–west gradient in the Canary Islands, and divergence within the 
Madeiran archipelago. 
One approach to investigating the role of pathogens in shaping genetic diversity is to study 
candidate genes, which have known or predicted functions of relevance to the immune response 
against pathogens, to determine the evolutionary forces driving adaptive variation. In Chapter 
3, I focused on avian β-defensins (AvBDs) as immune gene candidates. AvBDs are a key 
component of the innate immune system, providing broad-scale defence against microbial 
pathogens (Zasloff 2002). The AvBD mature peptide region destroys pathogens through 
membrane damage, with polymorphisms in this region having a direct effect on host 
antimicrobial defence (Hellgren et al. 2010; Cadwell et al. 2017; Schmitt et al. 2017). Preliminary 
work on AvBDs in Berthelot’s pipits had revealed polymorphisms at five AvBD loci (González-
Quevedo, unpublished data). I designed primers to cover the entire mature peptide region of 
these AvBDs, and sequenced individuals across Berthelot’s pipit archipelagos, as well as in tawny 
pipits. For the most part, the highest variation was found in tawny pipits, followed by the Canary 
Islands, with the lowest in Madeira and Selvagens, as expected given the demographic history 
inferred previously (Chapter 2). Using the RAD data generated in Chapter 2, I compared 
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nucleotide diversity at AvBDs and genome-wide RAD loci. This revealed that, despite losses of 
AvBD variation associated with colonisation history, AvBDs often ranked highly in terms of 
nucleotide diversity relative to RAD loci. However, AvBD2 was the only locus to maintain 
nonsynonymous variation in Madeira and Selvagens, suggesting that these populations may 
have a reduced breadth of protection against microbial pathogens relative to the Canary Islands. 
I did not detect signatures of balancing selection at AvBD2 in Berthelot’s pipits, although this 
may be under balancing selection in tawny pipits. Nucleotide diversity at AvBD2 was particularly 
high relative to RAD loci in tawny pipits and in the Canary Islands; it is possible that this locus 
has maintained nonsynonymous variation in Madeira and Selvagens by chance, owing to initial 
high diversity prior to colonisation, akin to the ‘ghost of selection past’ observed in toll-like 
receptors (TLRs) in the bottlenecked Seychelles warbler Acrocephalus sechellensis (Gilroy et al. 
2017). 
In contrast to utilising existing candidate genes as in Chapter 3, in the second part of Chapter 2 
I instead used genome-wide polymorphisms to identify potential novel candidates associated 
with pathogen infection. Only focusing on a small number of loci, such as the MHC or TLR loci, 
ignores most of the huge range of genes that play a role within the immune system, and may 
miss important determinants of resistance and susceptibility. Using a genome-wide association 
study, I tested for genetic variants that showed strong statistical associations with malaria 
infection in Berthelot’s pipits across the Canary Islands. This revealed five outlier SNPs, with the 
top two situated within or near potential candidate genes. The strongest association was found 
at SNP 5239s1, situated ca. 2000 bp away from interleukin-16 (IL-16), a cytokine which is 
expressed as part of the immune response. Serum levels of proinflammatory cytokines such as 
IL-1β, IL-6 and tumour necrosis factor alpha (TNF-α) have been implicated in malaria severity, 
due to their modulation of the inflammatory response (Kern et al. 1989; Day et al. 1999; Lyke et 
al. 2004). The presence of IL-16 triggers the expression of these cytokines in a dose-dependent 
manner (Mathy et al. 2000); it is therefore plausible that polymorphisms that modify the 
expression rate of IL-16 could be influencing the inflammatory response to malaria infection in 
Berthelot’s pipits. The second strongest association was found at SNP 7259s1, situated within 
RIMS4, which was shown to be overexpressed in breast cancer cells (Abba et al. 2005). As both 
genes have involvements in the immune system, these may be useful novel candidates for the 
study of malaria resistance. 
Identifying divergent selection between populations at immune genes could indicate the 
presence of pathogen-mediated balancing selection, due to local adaptation for different 
pathogen communities (Hill 1991), or rare-allele advantage, with different alleles providing a 
selective advantage in each population (Slade & McCallum 1992). I performed a genome scan to 
Chapter 5 
 164 
test for divergent selection between Berthelot’s pipit archipelagos using RAD SNPs (Chapter 2), 
though this did not reveal signatures of divergent selection at the malaria-associated SNPs 
identified in the GWAS. Allele frequencies at SNP 7259s1 appeared to follow a pattern of drift 
(Fig. 2.3), with low minor allele frequency in Madeira and monomorphic in Selvagens. 
Conversely, SNP 5239s1 had a higher minor allele frequency in Madeira than Canary Islands, 
against neutral expectations. This could still be due to drift, as the random change of allele 
frequencies could act to increase the frequency of an allele against the general pattern caused 
by demographic effects, but could also potentially indicate weak divergent selection. Including 
the AvBD SNPs into the RAD dataset for a second genome scan (Chapter 3) also found no 
evidence of divergent selection at AvBD loci. I had already found AvBD variation to be limited in 
Madeira and Selvagens, suggesting that evolution at these loci is largely shaped by founder 
effects and genetic drift. 
To further investigate the evolutionary dynamics of the malaria-associated SNPs, I used a 
landscape genetics approach to explore the genetic associations with malaria risk using Porto 
Santo (Madeira) and Tenerife (Canary Islands) as replicate populations (Chapter 4). Malaria 
distributions are strongly related to the environmental suitability for their invertebrate vectors 
(Craig et al. 1999; Ferraguti et al. 2016; Illera et al. 2017). By identifying the environmental risk 
factors that predict malaria infection, it was possible to calculate a measure of malaria risk at 
each sampling location, and determine whether genetic variants were associated with areas of 
high or low risk. A previous study found that malaria risk in Berthelot’s pipits on Tenerife was 
mainly shaped by temperature, distance to artificial water sources, and distance to poultry 
farms (González-Quevedo et al. 2014). Genetic variation at the MHC was also linked to malaria 
risk and distance to poultry farms, suggesting the presence of fine-scale adaptation at the 
landscape scale (González-Quevedo et al. 2016). For Chapter 4, Porto Santo was chosen as a 
replicate population as this island had the highest rates of malaria found across Berthelot’s pipit 
populations (Spurgin et al. 2012). In addition, with a lack of gene flow between the Canary 
Islands and Madeira (Chapter 2), it allowed us to explore the repeatability of genetic adaptations 
to disease in isolated populations. 
I tested for associations with malaria infection and risk across Tenerife and Porto Santo in the 
GWAS malaria SNPs identified in Chapter 2, in addition to four SNPs in TLR4. Codons at this locus 
were previously found to be under positive selection, with unique haplotypes found in Madeira 
(González-Quevedo et al. 2015). In sequencing > 300 additional samples from Tenerife, I did not 
find any instances of the Madeiran TLR4 haplotypes (Chapter 4). This suggests that these alleles 
may indeed be missing from the Canary Islands, although it is possible that they are present in 
islands outside of Tenerife. I had previously found a large degree of population admixture among 
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the majority of populations within the Canary Islands (Chapter 2); along with the large size and 
central location of Tenerife, sharing of TLR4 haplotypes from neighbouring islands may be 
expected. Two scenarios are therefore plausible: either the additional haplotypes were initially 
present in the Canary Islands, and have since been lost through drift or purifying selection, or 
they originated in Madeira following colonisation. In contrast to variation at TLR4, I found no 
evidence of unique haplotypes at AvBD loci in the Madeiran archipelago (Chapter 3). 
The different patterns observed for TLR4 and AvBDs across Berthelot’s pipit populations may be 
indicative of fundamental differences in function between these genes. TLR proteins are 
pathogen recognition receptors, detecting molecular structures associated with pathogens and 
triggering an immune response (Janeway & Medzhitov 2002). Polymorphisms in TLRs are 
associated with susceptibility and resistance to pathogens (Schröder & Schumann 2005; Misch 
& Hawn 2008; Basu et al. 2010), suggesting that having a diverse set of TLR genes is likely to 
increase the breadth of pathogens an organism is able to recognise and respond to. 
Biogeographical processes can result in divergent pathogen communities between islands 
(Fallon et al. 2005; Olsson-Pons et al. 2015; Wang et al. 2017). During the colonisation of the 
Madeiran archipelago, Berthelot’s pipits may have faced new pathogen assemblages. This could 
have selected for the maintenance of TLR4 haplotypes that have since been lost in the Canary 
Islands. Alternatively, if existing haplotypes that were adapted to pathogen regimes in the 
Canary Islands were less suited to Madeiran pathogens, new mutations arising after colonisation 
could rise in frequency through positive selection. By contrast, the antimicrobial activity of 
AvBDs is reliant on interruption of the phospholipid membrane, a highly conserved feature of 
microbial pathogens (Yeaman & Yount 2003). Selection to retain AvBD haplotypes could 
therefore have been weaker than on TLR loci, as there might potentially be greater overlap in 
pathogen defence between different AvBD haplotypes than provided by TLR haplotypes. 
On Porto Santo, I found some similarities in the environmental predictors of malaria risk with 
those identified in Tenerife (Chapter 4; González-Quevedo et al. 2014). Altitude (which was 
strongly correlated with temperature) and distance to water sources were both strong 
predictors of malaria, mirroring the findings in Tenerife. In addition, pipit density, and its 
interaction with distance to water, played a role, as did the vegetation type (Fig. 4.2). Together, 
these predictors were used to calculate malaria risk at each sampling location (Fig. 4.3). I did not 
find associations between malaria infection or risk on Tenerife for either of the malaria SNPs, 
whereas on Porto Santo, the opposite association was found at 5239s1 compared with in the 
Canary Islands GWAS (Chapter 2). Where the AA genotype was associated with the highest rates 
of malaria infection across the Canary Islands, on Porto Santo this was linked to reduced malaria 
infection and risk. Rare-allele advantage, local adaptation, or a combination of the two, could 
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potentially be driving divergent associations with malaria between the Canary Islands and Porto 
Santo. 
The findings in Chapter 4 emphasise the importance of considering environmental factors when 
investigating the genetic adaptations to infectious disease. In contrast to the high rates of 
malaria found on Porto Santo, no infected Berthelot’s pipits were found on the neighbouring 
islands of Madeira and Deserta Grande (Spurgin et al. 2012). Without knowledge of the 
environmental drivers of malaria risk, it might be assumed that individuals on Porto Santo are 
highly susceptible to malaria, whereas the other populations have evolved resistance. However, 
knowing that altitude and artificial water sources are key predictors of infection in Porto Santo, 
it is likely that the other islands are not conducive to supporting malaria populations. Deserta 
Grande is uninhabited, lacking in artificial water sources, while most of Madeira is at or above 
altitudes that would be associated with very low risk on Porto Santo. No evidence of malaria 
parasites was found on Madeira in a study of spectacled warblers Sylvia conspicillata (Illera et 
al. 2015), also suggesting that a lack of malaria in Madeiran Berthelot’s pipits is not due to 
genetic differences between Madeiran and Porto Santo pipits. 
Environmental differences between islands may have obscured genetic associations with 
malaria in the GWAS analysis (Chapter 2). An ideal GWAS study would use individuals from the 
same population, to reduce spurious effects of population structure (Marchini et al. 2004). In 
the GWAS of malaria infection, to gain a suitably large sample size, I used individuals from all 
populations across the Canary Islands. FST analysis demonstrated that population structuring 
was generally low across this archipelago (Chapter 2), though the use of a relatedness matrix in 
the GWAS analysis was used to control for structuring. However, this approach did not account 
for environmental differences between sampling locations, both within and between islands. 
This could potentially obscure associations: individuals might harbour highly susceptible alleles, 
but be situated in an area with little actual risk of encountering malaria parasites. On islands 
such as La Palma and El Hierro, where malaria was found at very low frequency in Berthelot’s 
pipits (Spurgin et al. 2012), and absent in spectacled warblers (Illera et al. 2015), with such low 
selection pressure to evolve resistance against malaria, alleles that would otherwise be selected 
against could rise in frequency through genetic drift, or through selection against a different 
pathogen. Likewise, chance fluctuations in allele frequencies could inflate an association with 
malaria, causing spurious results. 
The findings of this thesis have identified a number of avenues for future research. Having 
detected novel SNPs associated with malaria infection, determining the causal factor is an 
important next step. Though I have identified the genes IL-16 and RIMS4 as being in closest 
proximity to the SNPs, this does not guarantee that those genes are driving the association. In a 
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GWAS analysis performed on whole-genome sequencing data, a peak of association would be 
expected over the causal gene, with associations dropping away to either side as linkage 
disequilibrium decays. With the low marker density present in the RAD dataset, it is possible 
that the true, undetected peak would be some distance from the outlier SNPs detected in 
Chapter 2, situated over different genes. Utilising whole-genome sequencing methods would 
allow for a more in-depth view of the genetic basis of adaptive traits, and highlight genomic 
regions to sequence throughout Berthelot’s pipit populations. Likewise, the genome scans 
detected signatures of divergent selection in Berthelot’s pipits; having a more complete dataset 
of SNPs would help to identify possible candidates that are undergoing adaptive divergence. 
At present, malaria strains in Berthelot’s pipits have been characterised according to 
mitochondrial DNA (mtDNA; Chapter 2 & 4). However, this disregards adaptive evolution within 
the nuclear genome. Sequencing malaria strains by functional loci which may affect infection 
ability would provide more complete information on the diversity of pathogens faced by 
Berthelot’s pipits. By grouping pathogens by mtDNA only, patterns of local adaptation, 
resistance and susceptibility may be obscured, if divergence within a mtDNA strain is also driving 
divergent selection on pipit immune loci. A nested PCR approach akin to mtDNA sequencing of 
malaria strains was used to sequence merozoite surface protein 1, a gene related to invasion 
biology (Hellgren et al. 2015). This could be easily implemented into future studies of malaria in 
Berthelot’s pipits, and may aid in detecting the genes under selection for divergent malaria 
strains. 
In Chapter 3, I found potential indications that AvBD2 might be experiencing positive selection, 
or that the variation found at this locus was due to past balancing selection, preventing the 
diversity at this locus from being fully eroded by bottlenecks and drift. Without information of 
the microbial pathogens faced by Berthelot’s pipits, we are currently unaware of the selection 
pressures upon AvBDs: are pathogen regimes consistent between islands, or do we see reduced 
variation in smaller, more isolated islands? DNA barcoding can be utilised to detect gut 
microbiota (David et al. 2014), which may be a useful way to characterise microbial infections 
and determine whether different AvBD haplotypes are associated with the presence or absence 
of specific gut pathogens. 
Berthelot’s pipit represents an interesting system for investigating the role of pathogen-
mediated selection for maintaining genetic variation through successive colonisation events. 
This thesis has identified novel candidates for disease resistance and divergent selection, 
characterised genetic variation and the role of selection and drift in AvBDs, and assessed fine-
scale patterns of genetic adaptation to malaria risk. These findings emphasise the key roles 
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demography and environment play in modulating the evolutionary response to pathogen 
infection. 
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